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The fascinating magnetic, thermodynamic and electron 
transport properties exhibited by noble metal-transition metal 
alloys have kept them in the limelight of condensed matter physics 
for many decades till now. They have thrown tough challenges to 
experimentalists and theoreticians which resulted in diverse 
experiments and their interpretations. CuMn alloys, by virtue of 
their properties, won an important place in the family of the 
above class of materials. They have shown a variety of magnetic 
orders which raised apparently unending controversies about their 
nature and origin. Over the years, ( the low Mn concentration range 
belonging to Kondo and canonical spin-glass regimes were 
thoroughly studied experimentally as well as theoretically. But 
the studies on the high concentration regime, especially near the 
percolation threshold, are far from being satisfactory. The 
dependence of the magnetic properties of CuMn alloys on their 
metallurgical conditions is well known. Alongwith these, the 
complicated nature of the binary phase diagram poses serious 
problems about crystallographic phases in these concentrated 
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alloys. The existing magnetic phase diagram, constructed by taking 
scattered experimental results on different sets of samples, looks 
more like a collage. 

This motivated us to study the ^ u i00-x^ n x a ^°y s in 
large x region. He started our study with the following aims in 
mind : 

a. To identify the magnetic phases through their characteristic 

properties within the same crystallographic phase and 

metallurgical conditions. 

b. To look for a mixed phase on the antiferromagnetic side. 

c. To study the effect of magnetic phases on electron transport. 

d. To determine the magnetic contribution to electrical 

resistivity . 

e. To construct an improved magnetic phase diagram and compare 
it with the existing theoretical one. 

We introduce the subject in Chapter I of the thesis 
followed by a sketch of the theoretical work and a brief review of 
experimental results. This chapter provides the motivation behind 
the work alongwith some complications associated with the problem. 

The setting up of experimental facilities and the 
experimental procedures are described in Chapter II. ^ u 100-x^ n x 
alloys with x = 4.4,9,35,45,55,65,72,80 and 85 are prepared by 
induction melting of spectroscopically pure elements in pure argon 
atmosphere followed by homogenization at appropriate high 
temperatures. Then they are swaged, rolled, shaped and quenched 
from suitable temperatures to preserve the f.c.c. (jO phase. We 
have performed chemical and spectroscopic analyses together with 
x-ray diffraction studies to characterize the samples. 



V 


A low cost, high accuracy mutual inductance bridge is 
constructed using only operational amplifiers to measure low-field 
ac-susceptibility . The superiority of this bridge over the 
existing ones is because of the use of low-pass and high-pass 
active filters. These filters act as phase splitters and give the 
bridge better frequency response since they replace all inductors 
from the circuit. The measurement is done using a closed-cycle 
helium refrigerator (cryotip) from 16 to 300K. The interfacing 
with the cryotip gives enormous problem and limits the minimum 

_7 

detectable moment to 6x10 emu. The bridge could be made more 

-7 

sensitive (-1x10 emu) with the use of liquid coolant and glass 
cryostat. This is indeed found with liquid nitrogen as coolant. 
The bridge is calibrated with paramagnetic salts and standardized 
with other magnetic and superconducting materials. 

An automated electrical resistivity set-up is developed 
during the course of this study. It consists of a cryotip, a 7^- 
digit multimeter, a temperature controller and an IBM PC-XT. In 
this set-up we can measure the resistivity from 8 to 300R. The 
temperature can be stabilized to within 0 . IK and the relative 

5 

accuracy in resistivity is better than 1 part in 10 . 

The dc-magnetization was measured with a vibrating 
sample magnetometer attached to an electromagnet and a liquid 
nitrogen cryostat. We have also used a standard high temperature 
oven assembly. Some of the results are checked using a Faraday 
balance and a SQUID magnetometer elsewhere. 

Chapter III deals with the results and discussion of our 
experimental observations. The analyzed compositions of the 
alloys are quite satisfactory and the samples are found to exhibit 
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a single f.c.c .(r) phase with lattice parameters ~ 3.757 A. 

The ac-susceptibi lity ( * ) vs temperature (T) 

9. C 

measurements on Cu iQ0-x Mn x x = 4.4 and 9 have shown typical 

spin-glass cusp at temperatures which match very well with the 

literature values. * ac vs T curves for alloys with x = 35-80 

exhibit broad peaks at and are affected by external dc field. 

The peak value of x has decreased with the increase in x. These 

ac 

results are discussed with the help of the superparamagnetic 

model. These alloys are thought to have antiferromagnetic 

clusters of spins and the broad peaks in x vs T indicate the 

ac 

blocking of these clusters. 

The dc-magnetizat ion measurements are done to find the 
effect of field-cooling (FC) and zero-field-cooling (ZFC) up to 15 
kOe field and to observe time-dependent magnetization. The 
dc-susceptibility ) vs T curves display broad peaks at T^ in 

the ZFC state for samples with x = 35-80 but the peaks get 

flattened out in the FC state. The time-dependent magnetization, 
M(t), which shows a In t behavior for x = 35 - 72 has been 

justified. The sample with x = 80 has also shown some remanence. 
These kinds of behavior are similar to what is observed in 
canonical spin-glasses. The effective number of Bohr magneton per 
Mn atom, calculated from x ^ c , shows a decrease with the increase 
in Mn concentration indicating antif erromagnetically coupled spin 


clusters. Apart from these, x 


80 and 85 show small 


antiferromagnetic peaks, at T„ ~ 275 and ~ 484K respectively. We 

N 

have seen a clear-cut evidence of both cluster-glass and 


antiferromagnetism in x = 80 sample through a double transition. 


If we couple the above observation with neutron diffraction 
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results we can conclude that the alloy with x = 80 exists in a 

mixed cluster-glass and antiferromagnetic phase below 130K. 

We finally construct a magnetic phase diagram from the 

X and Xj measurements and compare it with the latest 
ac dc 

theoretical phase diagram. The agreement is quite satisfactory. 

A quantitative analysis of resistivity (p) vs 

temperature (T) has been made to estimate the magnetic 

contribution. We have assumed the validity of Matthiessen 's rule 

and Bloch-Grdneisen law for the phonon contribution (p ^). We 

have considered two well known forms of magnetic contributions 

(P _) for spin-glass, namely, AT^^ and AT^-BT^^. Our data have 
mag 

been fitted to equations consisting of terms for static disorder 

(P ), P , and p _. For p „ both the above forms are used 
o ph mag mag 

separately. For all our samples in the spin-glass range of 

temperature (T<T^), a better fit is obtained with the form of P ma g 
? S/7 

~ AT -BT . From this fit below T^ we have extracted the 

coefficients of the p , term and the p term. These two values 

ph o 

and the data above T„ are used to estimate the p^ - for all 

f mag 

temperatures. We find that for samples x = 35-72, p has maxima 

lua5 

at temperatures which increase with x while for x = 80 and 85, 

P . increases monotonically with T. This is the first report of a 
mag 

systematic study of magnetic scattering in concentrated 
crystalline alloys. 

In conclusion chapter IV highlights the important 
findings and the scope of future work. 
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CHAPTER I 


Introduction 


1.1 Preamble 

Condensed matter physics has remained a lively branch of 
science for the exciting and challenging problems it tackles in 
different fronts using many possible experimental methods and 
theoretical techniques. The alloys of noble metal and transition 
metal elements belong to a brighter front of the field for the 
fascinating magnetic, thermodynamic and electronic properties 
exhibited by them. CuMn and AuFe alloys are the two important 
systems belonging to the above class of materials. The glories lie 
on the diverse interpretations of the exhaustive studies made on 
them. The magnetism of intermediate concentration regime of these 
systems, from time to time, has been interpreted in terms of 
"ensemble of mutually interacting ferromagnetic and 
antiferromagnetic domains" [1]; "mictomagnetism" [2], “rock 
magnetism" [3] and "superparamagnetism" based on phenomenological 
model of N6el [4] and developed as "magnetic clusters" or 
"magnetic clouds" [5]; and finally "spin-glass" [6] and 
"cluster-glass" [7] . 

In noble metal hosts like Au or Cu, when we keep on 
substituting randomly transition metals with unpaired 3d-electrons 
like Fe or Mn, first we encounter the Kondo regime where the 
3d-electrons of the magnetic ion interact antif erromagnetically 
with the conduction electrons. At low temperatures, this 
interaction makes the isolated magnetic ion non-magnetic and 
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enhances the electron scattering cross-section giving rise to 
resistivity minimum. When we add more of magnetic ions in the 
system, they start interacting with each other through RKKY 
interaction. This indirect inter-impurity interaction opposes the 
weakening of moment due to Rondo effect, and beyond a certain 
concentration of magnetic ions we see the stabilization of 
magnetic moments where, what is called "good" moment is formed. 
Here we encounter a magnetic phase which is commonly known as 
spin-glass. In this case, below a certain temperature, many 
interesting magnetic phenomena like irreversible effects, 
time-dependent magnetic properties resulting from the randomly 
frozen (for time intervals over which experiments are carried out) 
magnetic moments with a degenerate ground state, etc. take place. 
Also, we come across the effect of "measurement time" on the 
freezing in a particular experiment, indicating non-equilibrium 
phenomena, often referred to as non-ergodicity [8] . The 
manifestation of the irreversible effects, time-dependent magnetic 
properties and effect of "measurement time" on the freezing can be 
seen from the experimental signatures shown in Figure 1.1 (a)-(c). 
The state of randomly frozen spins can give rise to a quenched 
disorder in an otherwise crystalline solid. The randomly 
distributed magnetic ions interact with one another through RKKY 
interaction, whose magnitude and sign depend on the distance 
between the magnetic ions. Thus, spins interact with one another 
ferro- or antif erromagnetically , depending on their distances. As 
a result, we find that contradictory interactions coming through 
different paths are experienced by a magnetic ion. This 



Antiferromagnet 


Paramagnet 

(e) 


Spin glass 


(d) 


Figure 1. 


(a) Reversible and irreversible 
magnetization vs temperature for a 
spin— glass, (b) Time— dependent magnetization 
of a spin-glass. (c) Frequency-dependent 
ac-susceptibility vs temperature of a 
spin-glass, (d) A frustrated lattice. (e) 
Example of random freezing in a spin-glass. 
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conflicting situation is called "frustration" [9], Thus, quenched 
magnetic disorder and frustration are the basic ingredients of the 
spin-glass phase, which is achieved without having a spatial 
long-range magnetic order. In Figure 1.1(d) we show that, if we 
define a triangular lattice with antif erromagnetic interaction and 
put three spins at the vertices, the third spin cannot 
simultaneously satisfy both the interactions coming from the two 

different paths. This makes the third spin and as a matter of fact 

the whole lattice frustrated. 

The meaning of random freezing may get clarified in 

Figure 1.1(e) where we see that, though the spins in both the 

paramagnet and the spin-glass are randomly oriented, unlike 
paramagnet the spins in spin-glass are frozen in time. The spins 
in an antif erromagnet seem to be frozen but they are not random 
and have a long-range order. Quenched disorder and frustration are 
the two important common features of all the spin-glasses, 
irrespective of the origin of these two characteristics. This is 
the reason why we observe spin-glass phenomenon in conducting 
crystalline and amorphous alloys as well as in insulating systems. 
Mydosh [10] has classified various types of spin-glasses. Here we 
give typical examples of some spin-glasses : 

a) Noble metal-transition metal alloys, i.e., canonical 
spin-glasses AuF e . CuMn . AgMn etc. 

b) Transition metal-transition metal alloys ** EdMn, VFe,etc 
VFe, etc. 

c) Rare earth alloys * La^_ x ^ a 80 ^^20 etc • 

d) Transition metal compounds ^ (Ti., V )0« 

x X O 
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e) Amorphous metallic alloys * ^ A X B 1 _ X ) 75 P i6 B 6 A1 3 wfiere 

A s (Fe,Co) and B= ( Mn , Ni , Cr , Mo ) and LaGd, etc. 

f) Amorphous semiconductors ■* (Sb,S Q ) (Sbl^) Fe , Si 

o x o y z 

g) Insulators and semiconductors Eu Sr 1 _ S, Eu 1 Gd S, 

X 1 ~x lx X 

Fe l-x Mg x C1 2' etc - 

h) Intercalated graphite -*• Intercalating FeClg into ordered 
graphite 

i) Induced moment systems => Pr Pg g . 

In spin-glasses, at low concentration of magnetic ions, 
we come across the scaling regime which is a result of strictly 
RKKY interaction. Here the spin-freezing temperature is 
proportional to the concentration of magnetic ions, and different 
experimental quantities are universal functions of T/c and 
where c is the concentration of magnetic ions and T and H gxt are 
temperature and external magnetic field, respectively. As we 
increase the concentration, there is a greater probability for a 
magnetic ion to be first or second nearest neighbour of another 
magnetic ion. In Figure 1.2(a), we have shown a 2-dimensional 
square lattice of a noble metal host where 10% of the lattice 
sites are randomly substituted by transition metal impurities. 
Here we can see that most of the transition metal ions are well 
separated (beyond second nearest neighbour). If the spins are not 
well separated then since the wave functions of 3d electrons of 
the magnetic ions have a finite extent, there is a considerable 
interatomic overlap resulting in a direct exchange. This produces 
a short-range interaction, which couples the neighbouring magnetic 
ions ferro- or antif erromagnetically depending on the nature of 



0 -► transition — 
meted atom 



Figure 1.2 (a) A 2-dimensional square lattice of noble 

metal host where 10% of the lattice sites 
are randomly substituted by transition 
metals, (b) A 2-dimensional square lattice 
of noble metal host where 25% of the lattice 
sites are randomly substituted by transition 
metals . 
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the 3d ion. At still higher concentrations, this short-range 
magnetic interaction will lead to the formation of magnetic 
clusters because of the concentration fluctuation in these random 
alloys. In Figure 1.2(b) 25% of the noble metal sites are 
randomly substituted by transition metal ions. This is done by 
random number generator in a computer. Here we can see that the 
magnetic clusters of various shapes and sizes can be identified 
considering only the first and the second nearest neighbour 
interactions between magnetic ions. In addition, at these large 
concentrations, chemical or atomic order may give rise to chemical 
clustering affecting the local magnetic order . The magnetic 
response of these alloys are dominated by large magnetic clusters 
and they are termed as mictomagnet or cluster-glass, though it 
carries most of the important signatures of spin-glass resulting 
from quenched disorder and frustration. These mictomagnets or 
cluster-glasses form larger and larger magnetic clusters with the 
addition of magnetic ions, and finally percolate to long-range 
magnetic order. 

Though AuFe and CuMn are well studied in the low 
concentration spin-glass range, the high concentration range up to 
the long-range ordered state, and concentrations near and around 
the critical concentration have their own glories and 
difficulties. As the system proceeds towards long-range order, it 
goes through a state which tries to retain the signatures of 
spin-glass, while manifestation of long-range order is also 
evident. Hence the phenomena like coexistence of different 
magnetic phases and double transitions show up. If the long-range 
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order is a ferromagnetic one, then it is not very difficult to 
isolate it from the spin-glass state. But the coexistence of 
long-range antiferromagnetism and the spin-glass state is very 
difficult to observe, at least through bulk property measurements. 
This may be one of the reasons why the phase boundary between the 
spin-glass and ferromagnetic states appears to be more often 
studied than the spin-glass to antiferromagnetic one. CuMn alloys 
belong to the latter class and we would like to concentrate on 
the electron transport and magnetic properties of this alloy 
system near the percolation threshold. 

1.2 Motl vati on 

As we have said earlier, the difficulties of 
experimental studies on the coexistence of antiferromagnetism and 


spin-glass 

can 

justify 

the 

scarcity of such studies 

in 

the 

literature 

especially on 

the 

metallic systems. On 

top 

of 

that 

CuMn, which 

i is 

expected 

to 

show such behaviour, 

is 

not 

very 


systematically studied near the percolation threshold. The 
dependence of the magnetic properties of CuMn alloys on their 
metallurgical conditions like annealing, quenching, aging, plastic 
deformation, etc. is well known. Alongwith this the complicated 
nature of the metallurgical binary phases creates serious problems 
regarding the crystallographic phases in the concentrated CuMn 
alloys. These problems throw serious doubt on the interpretation 
of experimental results from different groups on different sets of 
samples. The construction of magnetic phase diagram on the 


collated data thus makes it unsound. 
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This motivated us to study the electrical and magnetic 
properties of ^ u ^qq_ x ^ n x alloys in the large x region on samples 
which are subjected to the same metallurgical conditions 
(quenching) and having the same crystallographic phase (r-phase). 
We started our study with the following aims in mind : 

a. To identify the magnetic phases through their characteristic 

properties within the same crystallographic phase and 

metallurgical conditions. 

b. To look for a mixed phase on the antiferromagnetic side. 

c. To study the effect of magnetic phases on electron transport. 

d. To determine the magnetic contribution to electrical 

resistivity. 

e. To construct an improved magnetic phase diagram and compare 
it with the existing theoretical one. 

1.3 Complications of the Problem 

Before we get into the actual system we should study the 
problems and novelties of r-phase (fee) CuMn alloys. A few of 
them are discussed below : 

(1) Magnetism of Mn : Mn shows first nearest neighbour 

antiferromagnetic and second nearest neighbour ferromagnetic 
interactions. This is the reason for the increase in effective 
number of Bohr magneton in CuMn alloys with the addition of Mn at 
low concentrations of Mn, since the second nearest neighbour, 
which is f erromagnetically coupled, is more probable than the 
first nearest neighbour simply on statistical grounds. With the 
addition of more Mn the first nearest neighbour interaction starts 



10 


growing and we observe a decrease in the effective number of Bohr 
magneton. The magnetic moment falls drastically which makes 
magnetic measurements difficult [11,12]. 

(2) Metallurgical Condition : It has been shown that 
metallurgical conditions like quenching, aging, annealing and 
plastic deformation have got remarkable effects on the magnetism 
of CuMn [12]. 

(3) Crystallographic Phase : Figure 1.3 is the binary 
metallurgical phase diagram of CuMn alloys. It may become clear 
from the figure that above 25 atX Mn, y-phase CuMn can be produced 


only by 

fast 

quenching from high 

temperature 

near 

the 

liquidus 

curve . 

In 

the intermediate 

temperature 

range , 

there is a 

crystallographically complex phase( y+ot) . 

Hence 

the 

quenched 


r-phase CuMn remains a metastable structure, making the high 
temperature studies difficult and unreliable. On top of that, a 
change from cubic to tetragonal phase is observed around Mn 
concentration of 74 at% [11,13]. 

(4) Antiferromagnetic Structure : A change in the 
antiferromagnetic structure is observed in neutron diffraction 
studies of CuMn. On the long range antiferromagnetic side it is 
the AF1 structure, where the first nearest neighbour is 
antif erromagnetically coupled while the second nearest neighbour 
is f erromagnetically coupled. But as we cross the critical 
concentration from Mn rich side, CuMn shows an AF3 
antiferromagnetic structure where both first and second nearest 
neighbours are antiferromagnetically coupled. This change in the 
magnetic structure appears to coincide with the change from 



BINARY PHASE DIAGRAM of CuMn 



Figure 1.3 Binary phase diagram of CuMn alloys. 



long-range to short-range magnetic order at the critical 
concentration [11]. 

(5) Percolation Concentration : Theoretical calculations 
show that antif erromagnetically coupled spins in f.c.c lattice 
requires ~ 46 at* of magnetic atoms to give rise to a long-range 
order. But in CuMn, experiments suggest a much higher 
concentration of 72 at% Mn to get to a long-range 
antiferromagnetism [11,14,15]. 

1.4 Theoretical Status 

In this section we give a brief sketch of the 
theoretical work done on the substitutional alloys focussing on 
the spin-glass aspect. For a detailed discussion one may consult 
the recent review articles [16,17]. 

The earlier theories which tried to explain some of the 
spin-glass properties are based on the idea of random distribution 
of the local magnetic fields. The first among these was proposed 
by Marshall [18]. Later on Marshall's intuitive theory was put on 
a rigorous basis by Klein and Brout [19]. Blandin made the first 
attempt to derive the scaling-law behaviour of the canonical 
spin-glasses from the power-law behaviour of exchange interaction. 
Later on Souletie and Tournier [20] applied it effectively for 
dilute alloys. The basic idea of these theories is to evaluate the 
free energy from the distribution of local random magnetic fields, 
and then calculate the thermodynamic and magnetic properties from 
them. But these theories suffer from theoretical complications 
and also they cannot explain many experimental results. 
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A new era in the field of randomly substituted noble 
metal-transition metal alloys started with the observation of a 
sharp cusp in the ae-susceptibility and its interpretation as a 
magnetic phase transition. Various theories came into the field 
which considered the spin-glass transition as a phase transition. 
Though it is difficult to give an account of all those theories, 
we will mention a few points which have been considered in order 
to study the phase transition. 

i. Identification of the relevant physical property that 

distinguishes the two phases of the system, in other words, 
the identification’ of a suitable order parameter. 

ii. Finding the distribution of exchange interaction. 

iii. Developing a mean field theory in terms of the free energy as 
a function of the order parameter. 

iv. Verification of the result that, in the limiting case, the 
mean field approximation gives an exact answer. 

v. Improvement of mean field theory results by incorporating 

critical fluctuations in the theory. 

Ho theory has so far fully satisfied all the above 

mentioned points while dealing with spin-glass transition. This 
is the reason why, apart from running into theoretical 

complications, their predictions do not match with many 

experimental observations. All theories of this class suffer from 
one or the other inconsistency out of a few listed below. 

a) Prediction of a strong specific heat anomaly which is not 
observed experimentally. 

b) Do not explain the observed shape of low temperature 
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susceptibility . 

c) Theoretically the slope of magnetization vs temperature curve 
does not approach zero as T -* 0 . This implies a violation of 
the third law of thermodynamics. 

d) Violation of Maxwell's relation except in field-cooled 
samples . 

A different class of theories is also proposed which 
do not consider the spin-glass transition to be a true 
thermodynamic phase transition. It is similar to the phenomenon 
of blocking of superparamagnetic particles in rock magnetism 
[5,21]. This class of theories originated from the 

phenomenological theory proposed for rock magnetism by N^el [4] . 
Here the magnetic material is considered to be made up of magnetic 
domains or clusters of various shapes, sizes and spontaneous 
magnetization. Each cluster is characterized by an anisotropy 
energy or a coercive field. Wohlfarth [22] has suggested the 
following possible sources of anisotropy : 

i) Surface anisotropy, 

ii) Magneto-crystalline anisotropy, 

iii) Shape anisotropy, 

iv) Magnetostrictive strain anisotropy, 

v) Other magnetostatic dipole-dipole effects, 

vi) Anisotropic exchange effects. 

The anisotropy acts like a potential barrier for the particle or 
cluster magnetization. The thermal activation of the cluster 
magnetization over the barrier leads to the relaxation of the 
remanent magnetization given by 



1 5 

M r = M g exp (-t/r) , (1.1) 

where M is the spontaneous magnetization of the cluster and t is 
s 

the relaxation time given by 

1_1 f vH c M s 1 

t “ t q exp 2kgT J . (1.2) 

_g 

Here v is the volume of the particle, t is a constant ^ 10 

o 

second, H is the coercive field, k D is the Boltzmann constant and 

C D 

T is the temperature. Below a certain temperature Tg , called the 
blocking temperature of a given cluster, the relaxation of 
magnetization becomes difficult. This process of thermal 
activation and blocking of cluster magnetization can explain many 
experimental observations. We have discussed different aspects of 
these theories in Chapter III in connection with our experimental 
results. Here we give some results deduced from these class of 
theories . 

Wohlfarth has calculated the magentic susceptibility 
which is given by 


*<T) = f J f(T) dT , (1.3) 

where C is the Curie constant and f(T) is the distribution of 
blocking temperatures for the clusters. The physical implication 
of Equation (1.3) is that only those clusters contribute to the 
susceptibility which are not yet "frozen", or where blocking 
temperature T D < T. In the absence of a first principle 
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calculation of f(Tg), it is estimated [23] from the experimentally 
measured value of x(T) using the relation, 

f(T B> = b • (1 - 4) 

Murani [24] has reframed Equation (1.4) in terms of a distribution 
of relaxation times of the clusters N(t) as, 

*(t) = »(t) dr. 

The distribution of relaxation times gives rise to a logarithmic 
decay in remanent magnetization [25] and hysteresis [26]. 

The characteristic time or the probe time r of a 
particular measurement, decides the blocking temperature Tg of a 
cluster of volume v. The lower the r , the higher is the T D for 
a given cluster. This can explain qualitatively the frequency 
dependence of the peak in the ac-susceptibility curve. The 
difference in the spin-glass transition temperature (T f ) in 
different experiments can also be explained on the above basis. 
Since r (neutron scattering) < t (MSssbauer) < t 

ID El ni 

(ac-susceptibility) we would expect T^ (neutron scattering) > T^ 
(MSssbauer) > T f (ac-susceptibility). Such variations of T f with 
time scale of the experimental probes are in qualitative agreement 
with the corresponding results for canonical spin-glasses [27]. 

Though the above class of theories can explain many 
experimental observations, the main criticism comes from the 
phenomenological origin and lack of first principle calculations. 
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Though there are many other models proposed for 
spin-glasses like hydrodynamic model, percolation model, 
localization-delocalization model etc., we will not go into the 
details of them. Instead , we will mention some calculations done 
on the transport properties of spin-glasses. 

3/2 

Rivier and Adkins [28] have obtained a T type of 

magnetic contribution to the resistivity in spin-glass at low 

temperatures. Their results are deduced from the calculation of 

scattering of conduction electrons by the elementary excitation of 

3/2 

spin-glass which are the spin diffusion modes. This T 
temperature dependence of resistivity has been used to explain the 
experimental resistivity behaviour of canonical spin-glasses. 

Fischer [29] calculated the resistivity of spin-glasses 
from the scattering of conduction electrons by the static disorder 
of the impurity spin and by the low temperature spin excitations. 
The exchange interaction between the conduction electrons and the 
spins of the magnetic impurity leads to elastic and inelastic 
scattering. The elastic contribution is determined from the 
atomic positions as well as the frozen-in spin configuration. The 
inelastic contribution is determined by the dynamics of the 
impurity spins. Fischer considered a model with N spins S^, which 
interact with the conduction electrons through an exchange 
interaction J and a spin-independent potential V. The expression 
for the resistivity is found to be 





3 


+ 



* 


P(T) = 


(1.5) 
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where n is the conduction electron density, m is the effective 
mass of electrons, t is the relaxation time for elastic 
electron-spin scattering process, t is the relaxation time for 

J 

inelastic electron-spin scattering. The third term in Equation 
(1.5) comes from the interference between magnetic and non- 
magnetic scattering. This cross term vanishes in a spin-glass in 
zero external field. <•••> denotes summation over all modes. 

Taking into account the spin diffusive modes the 
resistivity is calculated to be of the form 


P(T ) = 


m 


cnN(O) 


ne 


P- r{‘ 


q(T) + 


18 x 

n 



n <k B T) 5/2 
2V5(k 2 D) 3/2 



( 1 . 6 ) 

where N(0) is the density of states near the Fermi level, c is the 
concentration of magnetic ions, q(T) is the spin-glass order 
parameter, k Q is the wave vector for electrons in the conduction 
band, D is the diffusion constant and 

oo 

r n 

J = f dx — 

n J (e x -l )( 1-e x ) 
o 

In Equation (1.6), x is taken to be the temperature-independent 
equilibrium susceptibility of the spin-glass. 

Hence the temperature dependence of electrical 
resistivity of spin-glass below the transition temperature (T<T^) 
is of the form AT 2 -BT 3/ ^ 2 with the constants A,B > 0. This form is 
valid, for spin-glasses where there is no ferromagnetic clustering 
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or ferromagnetic short-range order. 

1.5 Earlier Studies 

A brief mention of the earlier studies done in CuMn 
alloys is already given in section 1.3 of this chapter. Here we 
will discuss some findings in concentrated CuMn. 

Beck and co-workers [12] made detailed study in the 
intermediate concentration range for CuMn alloys and established 
the dependence of magnetic properties on the metallurgical 
conditions and existence of short-range orders. The magnetic 
short-range order is also inferred from the earlier neutron 
diffraction studies [30] . The recent study by Cowlam and Shamah 
[11], near the percolation threshold, reveals many interesting 
aspects about the nature of short-range order and the arrangement 
of spins. In this study, the long-range antiferromagnetism is 
found to exist above 72 at % of Mn. Wiltshire et al.[31] have 
studied single crystals of y-Mn g gCu^g by neutron diffraction and 
found the antiferromagnetic magnons to be isotropic and damped. 
Kouvel [1] proposed a model for CuMn alloys with Mn concentration 
^ 25 at % , in terms of mixed ferromagnetic and antiferromagnetic 
domains. But Beck [2] interpreted these "mictomagnetic" alloys as 
stable ferromagnetic clusters embedded in a spin-glass matrix. 

Gibbs et al. [32] have constructed the magnetic phase 
diagram from magnetic studies over the whole concentration range 
They have reproduced the phase diagram constructed by Cowlam and 
Shamah but detailed studies of the magnetic phases are lacking in 
their work. Vedyaev and Cherenkov [33] have studied 
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ac-susceptibility , Hall effect, magnetoresistance and ESR in a 
wide composition range of CuMn alloys. They have observed a 
"short-range-antif erromagnet ism" with Mn content 2: 14 at % . They 
have concluded that at low temperatures the alloys with high 
concentration of Mn show a "cluster-glass" phase with short-range 
antiferromagnetism but the alloys with 70 to 80 at X of Mn do not 
show a clear- cut magnetic phase. They have constructed the 
magnetic phase diagram from their data and the data collected from 
other groups. This phase diagram is different from that of Cowlam 
and Shamah or that of Gibbs et al.. 



CHAPTER II 


Experimental Details 


2.1 Sample Preparation 

The alloys are prepared by induction melting of required 
amount of spectroscopically pure Cu and Mn obtained from 
Johnson-Mathey , Inc. (England). The elements are cleaned with 
organic solvent and etched with dilute HNO^. Then the required 
quantities are weighed. Generally we have taken a little more Mn 
than the required amount anticipating some Mn loss by 
evaporation. The chosen compositions for < -’ u ioO-x^ n x & H° ys have 
x = 4.4,9,35,45,55,65,72,80 and 85. 

The melting is performed in a water-cooled coil type 
induction furnace, with a maximum power of 7 kW, fed by an "Ajax 
Magnethermic Converter" which converts line current of 50 Hz to a 
value between 20 to 40 kHz. The elements are taken in a high 
quality alumina crucible which is placed in a graphite susceptor 
and the whole thing is put in a vacuum-sealed quartz tube. This 

_3 

zone was repeatedly evacuated to 10 torr and flushed with high 
purity argon gas. Finally, this quartz tube is filled with argon 
gas at less than atmospheric pressure. During heating process the 
temperature is monitored with an optical pyrometer. The furnace is 
switched off as soon as the melting of the constituents is 
completed. The alloy ingot thus prepared is subjected to a 
homogenization process. The ingot is put in a quartz capsule 
which is then repeatedly evacuated and flushed with argon gas and 
finally sealed in a partial pressure of argon. The capsule is 
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then heated for 2 days in a vertical furnace at a temperature 
which is roughly 100°C less than the melting point of the alloy, 
decided from the binary phase diagram. The alloy is then dropped 
in a bucket full of brine to quench it to room temperature. Then 
the alloy ingot is swaged, cold-rolled and cut into various shapes 
for different measurements. The sample pieces are then sealed in 
quartz tubes in argon atmosphere and heated for a day in a 
vertical furnace at temperatures close to their melting points and 
then fast quenched in brine. This heat treatment is very 
important since this process helps in preserving both the high 
temperature crystallographic phase (y-phase) and the random 
substitutional disorder in polycrystalline samples and preventing 
any possible chemical clustering. The quenching process has to be 
as fast as possible. Slow quenching will introduce other lower 
temperature crystallographic phases as discussed in section 1.3. 

2.2 X-ray Diffraction 

The powder x-ray diffraction pattern for the samples are 
recorded using a Rich Seifert Isodebyeflex 2002 diffractometer 
with CrK a radiation. The same condition is set for all the 
samples and the scanning is done from 26 - 20 to 150°. 

2. 3 Chemical Composition 

A rough check of chemical composition is done from the 
change in weight of the samples before and after any heat 
treatment including the melting process. Then the chemical 
analysis is performed to find out the amount of individual 
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components in a sample. This is done after the final heat 
treatment. The presence of any Fe impurity is also checked 
chemically. Then a uv-visible spectrometer (Simadzu UV-160) is 
used to measure the amount of Cu and Mn as well as any trace of 
Fe in a sample. For this spectroscopic analysis we have used 
standard physical chemistry methods [34] . 

$ 

E. 4 AC-Susceptibility Apparatus 

To measure the low-field ac-susceptibility of the 
samples we have constructed a high-accuracy, low-cost mutual 
inductance bridge. This bridge is used with a closed-cycle helium 
refrigerator or eryotip (Cryosystems and CTI-Cryogenics , model 21) 
to measure ac-susceptibility from 16 to 300K. Here we give the 
details of the principle and construction of the bridge and the 
calibration and measurement procedure using the apparatus. 

Principle 

In the mutual inductance bridge we have one primary coil 
and inside that there are two identical but oppositely wound 
secondary coils connected in series as shown in Figure 2.1(a), 
except that the primary and the pair of secondaries are actually 
coaxial. In the absence of a sample the resulting induced voltage 
in this system of secondaries is zero. When we introduce a sample 
in one of the secondaries then, because of the magnetization 
induced in the sample by the exciting ac field the 

* This part of the work is already published in J.Phys. E : Sci. 
Instrum. 22, 230 (1989). 



Figure 2.1 (a) The coil system for the 

ac-susceptibility bridge. (b) Block diagram 
of the automated resistivity set-up. 
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magnitude of the induced voltage in the two secondaries are no 
longer equal. As a result we get an off-balance voltage, V. We 
can easily find out that the voltage in a single coil containing 
the sample is 


V - - ** 

&t ■ 

°r ' V - -NAp Q ^r(fM + H) = -NAm q [ f + ] • 

or, V = - N A ( fj; + 1) ^ , (2.1) 

where <t> is the magnetic flux, N is the number of turns of the 

secondary coils, A is the area of the secondary coils, m is the 

o 

relative permeability of free space, f is the filling factor, M is 
the magnetization of the sample, H is the magnetic field due to 
the primary current and the ac-susceptibility x - 0M/&H . 

Now, if we consider the sinusoidal ac field to be of the form 

H = H o e lcot , (2.2) 

where H q is the amplitude and is the frequency of the field, 
then from Equations (2.1) and (2.2) we get 

V = - iNAM Q W H q ( 1 + fX ). (2.3) 

Since N,A and are constants and the constant term in Equation 

o 

(2.3) is subtracted out during the process of measurement, we can 
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write the off-balance voltage as 

V = i K o H q x , (2.4) 

where K is the calibration constant and i implies that the signal, 

which is proportional to the susceptibility of the sample, is in 

quadrature to the primary current. Hence once we calibrate the 

bridge and find out K, then by knowing w and H , we can find out x 

o 

of the sample from the off-balance voltage. One can also find out 
X from the change in mutual inductance after the sample is 
introduced in the coil. 

In practice the secondaries cannot be made identical to 
the extent that the induced voltage can be neglected. Usually this 
inherent off-balance voltage is quite large compared to the 
voltage which is induced when a sample with low x is placed in one 
of the coils. To overcome this problem we have to design a bridge 
which is employed to nullify the off-balance voltage present 
without the sample. Most of the efforts in this measurement is 
devoted in nullifying this inherent off-balance voltage. After 
this adjustment the measurement of the additional induced 
off-balance voltage or the change in mutual inductance, with the 
introduction of the sample, becomes almost trivial. 

This method of measurement was first introduced by 
Hartshorn [35]. Then there were many modifications made to 
increase the sensitivity [36,37,38]. But all these earlier 
bridges used expensive ratio transformers to minimize the noise. 
In recent designs [39,40,41] operational amplifiers and 

Kelvin-Varley voltage dividers are used to electronically simulate 
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the mutual inductance. Here we have designed a mutual inductance 
bridge using only operational amplifiers. We have replaced the 
Kelvin-Var ley voltage divider by a set of Butterworth active 
filters which act as a phase splitter. This replacement makes the 
bridge more sensitive with a better frequency response and reduces 
the cost. 

Eridge design 

To measure the ac-susceptibility from 16 to 300K we 
insert the coil assembly inside the cryotip. The problem of using 
a cryotip, for ac susceptibility measurement, is two-fold. It has 
a cylindrical pure copper tube (Figure 2.2) of 12 mm inner 
diameter. This narrow space limits the number of turns in the 
primary and secondary coils. Again, this highly pure copper tube 
produces enormous eddy currents which reduce the applied ac 
magnetic field [42]. This high conductivity copper tube cannot be 
replaced by less conducting ordinary materials since this 
establishes the thermal link between the sample zone and the cold 
head of the cryotip. The reduction of magnetic field depends upon 
temperature since eddy current varies with conductivity of the 
copper tube enclosing the coils. This problem is eliminated by 
monitoring the voltage of one of the secondary coils in the 
absence of the sample. By adjusting the primary current, this 
secondary coil voltage, which is proportional to the ac magnetic 
field, is kept constant. It is this very eddy current in the 
copper tube which prevents us from putting the coils outside and 
thereby able to have a large number of turns for obtaining large 
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Figure 2.2 Cryostat assembly: 1. primary coil 2. 

secondary coil 3. sample holder 4. 
thermocouple 5. silicon diode temperature 
sensor 6. electrical feed through 7. 
stainless steel tube 8. highly conducting 
copper tube 9. Be-Cu tube. All lengths are 
in mm. 
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secondary signals. The coils are wound coaxialy on a polymer tube 
and the specifications of the primary and secondary coils are 
given in Table 2.1. 


Table 8. 1 


Length 

of 

each secondary 

- 

15 mm 

Length 

of 

primary 

= 

71 mm 

Number 

of 

turns of each secondary 

- 

5875 

Number 

of 

turns of primary 

— 

2711 


The two secondaries are connected in series opposition 
so that the output of the bridge is nearly balanced without the 
sample. The small off-balance signal is balanced electronically. 
The circuit diagram of the bridge is shown in Figure 2.3. 

A voltage proportional to the primary current i across 
is passed directly or through the inverter A1 and then 
resolved into a set of reference and its quadrature components by 
a pair of low-pass (A2) and high-pass (A3) Butterworth active 
filters with identical time constants. Each phase-splitted 
component is amplified by A4 and A5 and then fed into the voltage 
divider stage. The voltage dividers (A6 and A7) are basically 
inverting amplifiers whose gain can be varied by using standard 
decade resistance boxes R 2 and Rg (General Radio, Type 1432B). 
These decade boxes have a good frequency characteristics ( AR/R 
< 1% ) in the audio frequency range. The mutually 90° out-of-phase 
components are then added by A8 and fed into the secondaries S^and 
S 2> The voltage across R 1 is fed to the phase-splitter directly 
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Figure 2.3 Detailed circuit diagram of the bridge. All 
ICs are 741, resistances are in O and 
capacitances are in mF, P is the primary 
coil, and are the two secondaries. 
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or after passing through the inverter depending on whether 
addition or subtraction is needed to the second secondary coil 
voltage to make the off-balance signal null. Two SPDT (single pole 
double throw) switches are provided for this purpose. By 
adjusting the gain of two amplifiers A6 and A7, the in-phase and 
the quadrature components of the off-balance secondary voltage can 
be balanced. A lock-in amplifier (PAR, model 5208), whose 

reference is set with the phase of the primary current, is used as 
a null detector for this purpose. The bridge can be balanced down 
to 1/Jv(full scale) of the lock-in amplifier. The sample, placed 
in a polymer holder, is held from the top by a stainless steel 
tube (Figure 2.2). The sample can be moved in and out of the coil 
by moving the tube through an 0-ring coupling. A 

copper-constantan thermocouple is placed near the sample. This 
voltage is measured to an accuracy of 1 /jv (corresponding to a 
temperature stability of about 0.2K) by a digital multimeter 
(Keithley, Model 174). A chromel/AnPe (0.03%) thermocouple would 
give a more realistic sample temperature since it could be placed 
very near the sample without introducing any unwanted signal in 
the secondary coil. A copper-constantan thermocouple gives, on 
the other hand, sizable signal below 80K due to the presence of 
nickel in constantan if it is placed inside the secondary 
alongwith the sample. 

Measurement procedure, and. calibration 

The reference phase of the lock-in amplifier is first 
adjusted with the phase of the primary current which in 


turn 
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determines the ac magnetic field. The bridge is then balanced 
without the sample using the two decade boxes Rg and Rg. It is 
observed that the balancing point does not depend on the primary 
current. The sample holder, containing a known quantity of the 
sample, is then placed in one of the secondaries and moved in and 
out of it several times and the average off-balance signal is 
noted for both in-phase and quadrature components at any given 
temperature . 

If (R+jooM) is the impedance of the mutual inductance 
coils, the voltage induced in the secondary will be V = (R +jo*l)i p . 
Thus the quadrature component of the secondary voltage gives the 
mutual inductance and hence the real part of the ac-susceptibility 
(X )• The in-phase component will be the dissipative part and is 

9.C 

proportional to the imaginary part of the ac-susceptibility (2 ^). 

It turns out that there is a temperature gradient along 

the length of the copper tube of the cryotip. This gradient 

depends upon the temperature of the sample zone. The normalized 

-2 -1 

temperature gradient 1/T dT/dx is roughly 6x10 cm . Thus the 
bridge is to be balanced without sample at each temperature. If 
liquid helium or nitrogen is used as a coolant the balancing of 
the bridge without sample is not necessary at each temperature and 
hence susceptibility can be recorded continuously. The bridge is 
found to be frequency independent (±3£) from 20 Hz to 1.2 kHz 
outside the cryotip. But for very accurate measurements using 

_5 

the cryotip, and where the signal is smaller than 1.2x10 emu, 
calibration has to be done for each frequency specially for 
temperatures higher than 70K. 
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The bridge is calibrated with three standard 
paramagnetic salts Gd^O^y E^Og and HgCo(NCS> 4 at a field of 2 Oe 
and frequency 73 Hz. During measurements the background dc field 
due to the earth is not shielded. The plot of inverse 
ac-susceptibility (> *) with temperature is shown in Figure 2.4. 

aC 

The data is fitted to the Curie-Wiess law : x - C/(T - ©) using a 
standard least-squares programme and the best fitted parameters C 
and 6 alongwith their confidence limits are listed in Table 2.2. 
The Curie constant C is calculated taking the standard value for 
Gd£Og. The agreement with the literature values is quite 
reasonable. However the discrepancy could be due to the 
uncertainty in thermocouple calibration, temperature gradient, 
purity of the salt and measurement of temperature. The error 
bars, shown in Figure 2.4, denote the r.m.s deviation of the 
experimental data from the best fitted straight lines. 

Table 2.2 


Sample 

e<K) 

fitted literature 

C (cm 3 K / mole) 

fitted literature 

m 2 0 3 

-(20.011.2) 

-18.4 [43] 

— 

8.3 [43] 

Er 2°3 

-(19.311.2) 

-13.4 [43] 

12.310. 1 

11.1 [43] 

HgCo(NCS) 4 

-(10.511.9) 

-10.0 [44] 

3.210.1 

2.5 [44] 
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HgCo(NCS), 


>2 h 
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-40 


Tamperature (K) 
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Figure 2.4 


Temperature dependence of inverse ac 
susceptibility of standard paramagnetic 
salts Er 2 0 3 (A) and Gd 2 0 3 (0). The inset 

shows the ac-susceptibility of HgCo<NCS) 4 - 

The data are fitted to the Curie-Weiss law. 
The best fitted straight lines are shown. 
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Performance of. the bridge 

We have measured the susceptibility of various kinds of 
magnetic materials using this bridge. Figure 2.5 shows the 
temperature dependence of susceptibility of a ferromagnetic 

^ e 50^30^ r 20 ^ anc * a su P ercon ducting ^® a 2^ u 3^7-<5^ material. The 
inset of Figure 2.5 shows the temperature variation of 
susceptibility of a spin-glass alloy, CuMn (4.4 at X). The 

measurements are done at 2 Oe r.m.s. field with a frequency of 73 
Hz. The characteristic temperatures of these systems are given in 

_7 

Table 2.3. We can detect moment values down to 6x10 emu. The 

_7 

bridge can be made more sensitive (~ 1x10 emu) with the use of 
liquid coolant and glass cryostat. This is indeed found with 
liquid nitrogen as coolant. 


Table — 2.3 


Sample 

Transition from 

Transition 

temperature(K) 

present data 

literature 

Fe 50 Nl 30 Cr 20 

para-to ferro- 
magnetic 

152 

144 [45] 

YBa 2 Cu 3°7-6 

normal to 
superconducting 

88 

91 [46] 

CllMn(4.4 at %) 

paramagnetic 
to spin-glass 

26 

25 [47] 


One could reach a temperature of 14K and also get better 
stability by keeping the tail of the cryostat immersed in liquid 


nitrogen . 














A.C. Suscpt. (a.u.) 


Temperature (K) 



Temperature (K) 


Figure 2.5 Temperature dependence of ac- susceptibility 
of Fe 50 Ni 30 Cr 20 (0) and YBa 2 Cu 3 0 ? (A). The 

inset shows the susceptibility vs 
temperature curve of the spin-glass CuMn 
(4.4 at %) alloy. 


A.C. Suscpt. (a.u.) 
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2.5 DC-Magnetization Set-up 

The de-magnetization measurements are carried out with a 
Princeton Applied Research Inc. (USA), model 155 vibrating sample 
magnetometer (VSM). The magnetic field with a maximum of 18 kOe 
is provided by a 15 inch Varian electromagnet with a 2.5 inch pole 
gap. We have used a Janis model 153 variable temperature cryostat 
with liquid nitrogen to measure magnetic moments from 77 to 300K. 
The high temperature measurements from 300 to 900K are carried 
out using a model 151 high-temperature oven assembly in place of 
the cryostat. The VSM gives directly the magnetic moment of the 
sample in a 3-digit digital display. However, using a null method 
moments could be read up to four digits. By a suitable choice of 

4 

sample mass, change in moment up to 1 part in 10 can be detected. 
The VSM is calibrated against a standard Ni sample and 
paramagnetic E^Og before any measurement. 

The cryostat is equipped with a eopper-constantan 
thermocouple but we have also attached a platinum resistance 
thermometer to the sample rod rather close to the sample for more 
accurate measurements of temperature. The sample zone is connected 
to the liquid reservoir through a capillary which can be opened or 
closed from outside. The liquid from the reservoir comes to a 
vaporizer where a heater is placed. We can maintain the 
temperature of the sample zone at a constant value within 0.2K by 
controlling the liquid flow in the vaporizer and manipulating the 
heater power. Since the cryostat is basically designed for use 
with liquid helium, it creates some problem when it is used with 
liquid nitrogen. Because of the bubbling of liquid nitrogen in 
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the sample chamber fluctuations are observed in magnetic moment 
measurements near 77K, However, this disappears as soon as all 
liquid nitrogen in the sample chamber is evaporated out and 
measurements above about 85K are perfectly in order. 

Besides these some magnetic measurements are done in 
KFK, Karlsruhe using a Faraday balance (Oxford Instruments) and in 
I.I.T., Madras using a SQUID magnetometer (Quantum Design). Both 
are equipped with superconducting magnets. These measurements 
were done using liquid helium. 

E. 6 Electrical Resistivity Set-up 

During the course of this study an automated 4-probe 
electrical resistivity set-up is developed (Figure 2.1 (b)). The 
experimental set-up consists of a closed-cycle helium refrigerator 
or cryotip (Cryosystems and CTI-Cryogenics , model 22), a 
Lake-Shore Cryotronics temperature controller (model DRC- 82C), a 
7^digit Datron (model 1071) digital multimeter, an IBM compatible 
PC-XT and a GPIB (General Purpose Interface Bus) card. 

A circular OFHC (Oxygen Free High Conductivity) copper 

plate is attached to the tip of the second stage of the cryotip, 

called the cold head. The sample is mounted on this cold head 

with GE varnish which gives both good thermal contact and 

electrical insulation between the sample and the cold head. Two 

calibrated silicon diodes (C^ and C 2 ) are attached to the cold 

head with indium contacts to monitor the temperature. A heater is 

wound with a non-inductive winding just below the cold head. A 

3 

typical sample dimension is 2.0 x 0.1 x 0.01 cm . Four thin copper 
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wires are soldered on to the sample with non-superconducting CdZn 
solder material. Without any heater power the cold head 

reaches ~ 8K. 

The temperature of the cold head and hence of the sample 

is controlled by the temperature controller by sensing the 

temperature through the silicon diodes and giving the required 

current to the heater. The heater current is controlled by the 

proportional-integral-derivative (PID) control parameters of the 

controller. By a proper choice of PID the temperature of the 

sample can be controlled to within 0.1K from 8 to 300K. After the 

stabilization of temperature the multimeter, which passes a 10 mA 

current through the current leads of the sample, measures the 

voltage developed across the voltage leads and displays the 

resistance directly. The current is then passed in the opposite 

direction and again the resistance is noted. The average of both 

these values is taken as the actual resistance. Reversing the 

current is essential to eliminate the effect of any thermo-emf . 

The cold head is taken to another temperature and again the same 

process is repeated. The relative accuracy of the resistance 

5 

measurement is better than 1 part in 10 . Though this resistance 
measurement is not very complicated, it is extremely time 
consuming and prone to human error. Hence the automation here is 
not an extravaganza but a genuine need. 

The automation is achieved by attaching a GPIB card to 
an IBM compatible PC-XT and IEEE 488 interfacing attached to the 
respective instruments. The low level software support is 


provided by a device driver 


GPIB.COM 


supplied by the 
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manufacturer of the GPIB card. The next level of software is 
written in Turbo Pascal to make a link between the device driver 
and the high level language. Though the automation implementation 
programme is relatively simple, there are two tricky points worth 
mentioning. The first is about reversing the direction of the 
current through the sample. The digital multimeter does not have 
any command to accomplish this. Interfacing a switch would require 
additional instrumentation. However, the multimeter does have 
separate "front panel" and "rear panel" inputs, which are isolated 
by a relay operated switch. From outside one can choose either 
the “front panel" or the "rear panel" inputs and the relay will 
work according to the choice. We have connected the sample to 
both the inputs with the current leads reversed. Therefore, to 
change the direction of the current we have to simply change the 
input panel by the programme. Secondly we have to find the 
criteria for the stability of temperature which are consistent 
with the following problem of the closed-cycle helium 
refrigerator. The cycling frequency of closed-cycle helium 
refrigerator results in a fluctuation of the cold head 
temperature. This frequency is about 0.5 cycles/second and the 
fluctuation in temperature is about 0.05 K. The PID temperature 
controller is unable to control this fluctuation since its 
sampling frequency is about 1 cycle/second. Besides this, an 
improper choice of PID, which depends on many external factors, 
may lead to very large delay in the system to reach a set 
temperature and a continuous change in temperature during one set 
of measurements. A simple algorithm is developed to tackle this 
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problem which is described below. 

A small number (typically 5) of temperature readings are 
taken at equal intervals of time (roughly 2 seconds). Such 
"cluster" of readings are taken at longer regular intervals 
(typically 20 seconds). The temperature is considered to be 
steady if it satisfies the following criteria : 

(i) the average of differences between consecutive 
readings in the last and second last clusters are both less than a 
specified tolerance limit (t^). This takes care of short term 
fluctuations . 

(ii) the difference between the average of last and 
second last cluster is less than another specified tolerance limit 
(t£). This process takes care of any long term fluctuations. 

(iii) a cluster recorded after the resistance 
measurement is done at a particular temperature satisfies the 
condition (ii). 

The resistance readings commence when the first two 
conditions are satisfied. The multimeter outputs the average of a 
set of last 16 readings which takes about 14 seconds. Generally, 
two sets of forward and reverse resistance readings are taken. 
This process needs a time span of nearly 1 minute and therefore, 
condition (iii) becomes necessary and useful. 



CHAPTER III 


Results and Discussion 

3. 1 Characterization of the Samples 

The results of chemical and spectroscopic analyses for 
determining the composition of the alloys alongwith their lattice 
parameters, determined from the x-ray diffraction studies, are 
given in Table 3.1. 

Table 3. 1 


Nominal Composition 

Actual Composition 

Lattice parameter 

"a" 

(A) 

Cu 65 Mn 35 

Cu 64 Mn 36 

3.735 

Cu 55 Mn 45 

Cu 54 Mn 46 

3.756 

Cu 45 Mn 55 

Cu 45 Mn 55 

3.757 

Cu 35 Mn 65 

Cu 40 Mn 60 

3.750 

Cu 28 Mn 72 

Cu 27 Mn 73 

3.759 

Cu 20 Mn 80 

Cu 24 Mn 76 

3.757 

Cu 15 Mn 85 

Cu 17 Mn 83 

3.750 


Chemical and spectroscopic analyses show that the amount of Fe 
present is not more than 0.05 % in any sample. In the following 
discussion, we have referred to the alloys by their nominal 
compositions but all the calculations and the construction of the 
magnetic phase diagram are done using the values of the analyzed 


compositions . 









The x-ray studies show lines belonging to only the f.c.c 
structure (y-phase) and the quoted lattice constants are the 
average lattice constants calculated from these lines. These 
values match quite well with the literature values [11]. When the 
samples are annealed at 100°C for 24 hours the x-ray diffraction 
shows a different pattern which implies the presence of other 
phases . 

3.2 AC-Susceptibility 

We have measured the ac-susceptibility , x , in 2 Oe rms 

3LC 

ac field of frequency 313Hz from 20K to almost up to room 

temperature and in external dc fields of 0 to 280 Oe for 

Cu inn Mn alloys. Figure 3.1 shows x vs temperature (T) in 

zero external dc field for x = 4.4 and 9 samples. In Figures 3.2 

and 3.3 we have shown the x vs temperature for samples with x = 

ac 

35 and 45 at % in the presence of zero and 280 Oe external dc 

fields. Figures 3.4 and 3.5 show similar plots for samples with 
x = 55 to 85 in the absence of any dc field. In these samples the 
signal is very weak and the effect of low external dc field (-280 
Oe) could not be shown as clear-cut as it is for samples with x = 

35 and 45. In Figure 3.6 we have shown the effect of different 

external dc fields on the x ' of x = 35 sample at different 

SIC 

temperatures . 

For all the samples with x £ 35, * vs temperature 

8. C 

curves show a broad peak at high temperatures (-150K) except for 
x = 85. Though x = 72 does not seem to show any clear peak 

(because of the lack of data points at higer temperatures) the 
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Figure 3.1 ac-susceptibility (;*: ) vs temperature for 

SIC 

Cu irir . Mn alloys with x = 4.4 and 9 in zero 
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dc field. 
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Figure 3.2 ac-susceptibility (* ) vs temperature for x 

= 35 in zero and 280 Oe dc fields. 
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ac-susceptibility (* ) vs temperature for x 

8.C 

= 55 and 65 in zero dc field. The lines 
joining the points are just guides to the 
eye . 
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Figure 3 



.5 ac-susceptibility (* ) vs temperature for x 

aC 

= 72 and 80 in zero dc field. 




value of * ac at ~170K is certainly more than that at room 
temperature implying that a peak exists even for x = 72 somewhere 


around 170K. The peak value of x decreases monotonically with 

S.C 

the increase in Mn concentration for x > 9. In Table 3.2 we have 

listed the variations of the peak values of x and the peak 

ac 

temperature, T f , with concentration. 


Table 3.2 


Hn 

concentration 

X 

max 

*ac 

<10' 5 cm 3 /g) 

T f 

(K) 

4.4 

7.7 

26 

9 

19.0 

39 

35 

10.5 

160 

45 

2.2 

175 

55 

0.92 

165 

65 

0.74 

165 

72 

0.76 

-170 

80 

0.6 

-150 

85 

0.4 

- 


The x vs T curves for all the samples, except the 
ac 

dilute ones, do not show spin-glass cusps but show broad peaks 
indicating spin-glass like freezing. The origin of the peaks 
being ascribed to antiferromagnetic long-range order or other 
long-range orders is ruled out on the basis of high field dc 
measurements which will be discussed later. Guy [25] has shown 
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that there is no great significance attached to the sharpness of 
the peaks even in canonical spin-glasses like AiiFe (Fe from 0.25 
to 7 at %). His experiments with AuF e in low dc fields make this 
point clear. The sharpness seems to be a question of temperature 
scale and here we have gone only up to ~ 2 . For our samples 
any temperature above 300K is almost forbidden because the samples 
are crystallographically metastable and a second phase 
crystallises above room temperature as explained earlier. 

It is difficult to explain some of the observations like 

the broad peak in x vs temperature, a non Curie-Weiss behaviour 

ac 

above the peak temperature, etc., on the basis of a phase 
transition or a cooperative phenomenon involving a single order 
parameter. A plausible explanation can be given on the basis of 
the phenomenological theory of superparamagnetism proposed by N^el 
[4] and later on applied to similar kinds of systems by Tholence 
and Tournier [5], Wohlfarth [3,21] , Guy [25] and many others. 
Here we attempt to understand the results of * ac measurements in 
the framework of superparamagnetic cluster model. This model 
assumes that a magnetic system is made up of clusters of spins or 

domains of various sizes and shapes. Each cluster is 

characterized by an anisotropy energy which acts as a potential 

barrier for the magnetization of the system. The thermal 

activation of respective domain walls and cluster magnetization 
will enable them to overcome the respective potential barriers 
they face. This will lead to a relaxation process for 
magnetization of the clusters. The relaxation time t depends on 

the thermal energy k R T. Higher the temperature the smaller is the 

b .v ; . ■ ' v u RY 

112543 

ACC. Au. 1 *' ' ••**’** 
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relaxation time. Now if the observation time t is smaller than 

m 

t, then the magnetization of the cluster will appear to be 

blocked. Hence below a certain temperature, where t > t the 

m 

particle will appear to be blocked and this temperature is called 
the blocking temperature, Tg . The system as a whole consists of 
a distribution of such potential barriers following from the 
distribution of size and magnetization of the clusters in the 
system. This leads to a distribution of relaxation time and hence 
a distribution of blocking temperatures. A typical distribution 
of blocking temperatures, f ( Tg ) , is shown in Figure 3.7 which is 
calculated from Wohlfarth's model [21,23] for our x = 55 sample. 

The peak in * vs T indicates the presence of competing 

3.C 

interactions and it is a matter of one winning over the other. In 

this case it is the anisotropy energy of individual clusters vs 

the thermal energy. According to N6el's model, each cluster has an 

intrinsic or spontaneous magnetization M . The magnetic moment 

vM (where v is the volume of the cluster) in the absence of any 
s 

applied magnetic field can take up two orientations of equal 

energy : © = 0 and 6 = n with respect to the anisotropy axis of 

the cluster. The height of the potential barrier between these 

two states is given by vH M /2 (where H = coercive field for the 

c s c 

given cluster). Now if the height is very large compared to the 

thermal energy k n T, thermal fluctuations cannot move the magnetic 

moment from one position to the other. So, it always remains fixed 

in the direction in which it was originally brought by a magnetic 

field. However, since the height of the potential barrier is 

krH M /2 a value of v can always be found which is so small that 
c s 


Figure 3.7 Distribution of blocking temperatures vs 
normalized temperature (T/T f ) for the sample 


with x 


55. 
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its height is of the order of kgT. In that case, thermal 
fluctuations can cause the moment to change spontaneously from one 
position to the other. When we come from the high temperature 
side of * ac vs T curve most of these clusters are free because of 
high thermal energy and their response to the field is randomized 
by thermal fluctuations. As we decrease the temperature the 
response of the superparamagnetic clusters to the field becomes 
more and more coherent because of the reduction in thermal 
fluctuations and the susceptibility increases. With further 
decrease in temperature, the bigger clusters facing higher 
potential barriers start getting frozen or blocked because of the 
non-availability of the required thermal energy to cross the 
barriers. As a result they cannot respond to the field and the 
competition comes into play. On one hand the reduction of thermal 
fluctuations with the decrease in temperature enhances the 
susceptibility and on the other hand the decrease in thermal 
energy blocks the bigger clusters where the blocking temperature 
is higher and so the susceptibility decreases with the decrease 
in temperature. The result of these two opposing effects is the 
broad peak in the susceptibility. To justify the above statement, 
let us consider that our alloy consists of N independent clusters 
of spins. Let M be the magnetic moment of individual clusters and 
we have N clusters with a distribution P(M) of their magnetic 
moments. In thermal equilibrium the mean magnetization of N 
clusters in a magnetic field H is given, in terms of Langevin 


function L(x), by 


55 


00 


M = N J M P<M) L {~r- ) dM . 
o B 


For small fields it would lead to the Curie law 



* 

II 

II 

N M 2 
3k B T 

- where 

00 

M 2 = J 

0 

M 2 P(M) dM . 

(3. 

1) 

Now because of the 

anisotropy 

energy 

e a= 

KM where K 

is 

the 

anistropy 

constant 

, the 

response of 

the 

clusters to 

the 

ac 

magnetic 

field may be 

blocked over 

the 

time scale 

of 

our 

measurements, namely, t 

m 

= 1/f, 

where 

f is 

the frequency 

of 

the 

ac field. 

Hence 

the system 

exists 

in an incomplete 

thermal 


equilibrium. The typical time of response of a cluster is given by 
t — t exp (KM/k D T), where t is a constant. Only those clusters 

O D 7 O 

will contribute to x for which r < r So from Equation (3.1) 

ac m 

we get 


N 


ac 


3k B T 


(k R T/K) In (t /t ) 

J M^P(M) dM . 


Hence x will exhibit a peak at a temperature where 
ac 

(k D T/K)ln (t /r ) roughly equals the peak position of the 

B mo 

9 2 

distribution M P(M) which is of the same order as M . 

When we look at the results of the effect of dc field on 

the x we observe that for samples with x = 35 and 45, x is 
ac 

always less in the presence of a dc field and this difference 
persists even at temperatures much higher than the peak 
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temperature. It is also difficult to explain this discrepancy on 
the basis of theories which suggest a phase transition at the peak 
temperature, T^. . The decrease in x &c in the presence of a dc field 
for all temperatures indicates the existence of short-range order 
or d-d overlap even at temperatures much higher then the freezing 
temperature. This is more than likely in the concentration range 
of our present interest. The effect of short-range order, leading 
to the formation of magnetic clusters, is difficult to handle in 
first principle theories of spin-glasses. We attempt to 
understand this effect on the basis of the above mentioned 
phenomenological theories of superparamagnetism. 

The external dc field defines the quantization axis of 

the spins and the ac field excites the spins. To respond to the 

ac field the spins or the clusters of spins have to reverse their 

orientation and thus they must lose and gain energy from the 

lattice, involving spin-lattice relaxation time. Hence only those 

clusters can respond to the ac field and contribute to x whose 

ac 

time constant for spin reversal is less than the time constant of 
the existing ac field. The relaxation rate X [4,25] is given by 

X = 1/t = 1/t q exp (-E/kgT), 

where E is the height of the potential barrier given by 

E = (2E a ± vH s H ext ) 2 /4E A . (3.2) 


Hence we see that the application of a dc field parallel to the ac 


field increases the time constant for spin reversal and thus 

causes the decrease in x &c (Figures 3.2 and 3.3). When t becomes 

longer than a typical measuring time t then the moment is frozen 

in 

and the temperature at which this freezing of a particular cluster 
takes place is called the blocking temperature (T D ) which can be 

D 

found out from 


E( V = k B T B tn ( VV- (3 - 3 > 

Our results on the effect of dc field on x shows that 

ac 

the blocking temperature has wide distribution over the whole 

temperature range and confirms the result of our calculation of 

f(Tg) from the data of in one of our samples (Figure 3.7). 

This broad distribution of T D justifies the broad peak in x and 

d ac 

the effect of dc field on X . The peak in x vs T is described 

ac ac 

on the basis that T^ is the temperature at which roughly maximum 
number of spins get blocked. Figure 3.6 shows that the dc field 
dependence of x is more pronounced at higher temperatures. The 

8. C 


barrier height E, 

at a given 

temperature, increases 

: as 

vH ext 

where 

v is the volume 

of the 

cluster (Equation 

(3. 

/•'“S 

/"N 

eg 

At 

lower 

temperatures, only 

smaller 

clusters respond 

to 

the 

ac 

field 


contributing to the susceptibility and thus the change in E is not 
significant for these clusters. At higher temperatures, on the 
other hand, larger clusters are also involved and the change in E 
shows up through a decrease in x &c with dc field. 

When we look at the peak values of x , we observe a 

CLC 

decrease in the peak susceptibility with increase in Mn 



concentration. Though we have added more magnetic atoms the 
decrease in susceptibility value at the peak indicates that the 
addition of more magnetic atoms only tries to cancel the magnetic 
moment of each other, that is, they are orienting themselves 
antiferromagnetically . Hence we conclude that within the magnetic 
clusters, the spins are antiferromagnetically ordered. 

3.3 DC - Magnetization 

We have measured the magnetization (M) as a function of 
temperature <T) for x = 35-85 at % alloys in magnetic fields 
ranging from 500 Oe to 15 kOe. For all the samples the 
temperature range being liquid nitrogen temperature to almost up 
to room temperature and for x = 85 we have gone up to 700K to find 
the N£el temperature. 

To obtain M vs T curves we have taken two different 
routes. First, we cooled the sample in the absence of any magnetic 
field to the lowest temperature. Then the field was switched on 
and the measurement M(T) started as the sample was warmed up. 
This path is called the zero-field-cooled (ZFC) branch of M(T). 
The second path is known as the field-cooled (FC) branch of M(T). 
Here we cool the sample from room temperature in the presence of a 
magnetic field to the lowest temperature. Then keeping the field 
constant we warm up the sample and measure M(T) in the same field. 
The results of these measurements are given in Figures 3.8-3.13. 
Here we have plotted M/H vs T where H is the measuring field and 

we call M/H the dc-susceptibility, * dc . 

To measure the time dependence of magnetization, we have 
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Figure 3.8 


dc-susceptibility (* d ) vs temperature for 

sample with x = 35 in 500 Oe and 15 kOe dc 

fields. at 15 kOe is multiplied by a 

dc 

factor 3.5. Both FC and ZFC branches are 
shown . 
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3.10 dc-suscept ibility vs temperature for x 

= 55 in 1 and 15 kOe dc fields. 




Figure 3.11 dc-susceptibility <* dc ) vs temperature for x 
= 65 in 10 and 15 kOe dc fields. *do at 10 
kOe field is multiplied by a factor of 1.1. 
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cooled the samples in the presence of 15 kOe field from room 
temperature to a temperature (T) which is much below the 
temperature where the peak of occurred. Then we switched off 
the magnetic field and started measuring magnetization with time 
(t) in the residual field of the electromagnet (~ 30 Oe) keeping 
the temperature constant. The temperature T was almost the same 
for all the samples. We have taken the data for t > 10 sec. since 
the integration time constant of the instrument is 1 sec.. Figure 
3.14 gives the variation of M with In t for samples with x = 
35-72. Although it was very difficult to measure the 
time-dependent magnetization for the sample with x = 80 because of 
the small signal, nevertheless a qualitative decay of M with time 
could definitely be observed. 

M vs H for all the samples at room temperature and at 


the lowest temperature are also measured. 

Figure 3. 

.15 

shows 

the 

M vs H 

for all the samples at 77K after 

cooling 

them 

in 

zero 

field. 

M vs H for ZFC x = 72 sample at 

5, 120 

and 

300K 

are 


carried out in fields up to 55 kOe in a SQUID magnetometer. The 


results are shown in Figure 3.16. 

Apart from these, M(T) measurements are also carried in 
samples with x = 72 and 80 in a Faraday balance. These 
measurements are made in the zero-field-cooled state. M(T) is 
measured in 1 kOe field from 30K to room temperature. The result 
for x = 80 is shown in Figure 3.17. The M vs T measurements for x 
= 80 sample are also carried out in FC and ZFC states at 10 kOe 
field from 5 to 300K in a SQUID magnetometer. Inset of 


Figure 3.17 shows the result. 
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Figure 3.14 


Remanent magnetization (M) at 80K vs 
logarithm of time (t) where t is measured in 
seconds. The best fitted straight lines are 
shown. M r of x = 35 and 72 are multiplied by 
factors 1/2 and 4 respectively. Thus the 
slopes are not the real ones. 
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Figure 3.15 Magnetization (M) vs magnetic field <{*) of 
ZFC samples with x = 35, 45, 55 72 and 80 
at 77K. M of x = 35 and 80 are multiplied by 
factors 1/2 and 0.8 respectively. 
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Figure 3.16 Magnetization (M) vs magnetic field (H) of 
ZFC samples with x = 72 at 5,120 and 300K. 
Note the overlapping of points for 5 and 
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Figure 3.17 dc-susceptibility <* dc ) vs temperature for 

ZFC sample with x = 80 measured in 1 kOe 
field. Inset shows the results of M(T) 
measurement in ZFC and FC samples with x = 
80 at 10 kOe field. 



70 


From Figures 3.8 - 3.13 we observe that the vs T 

clc 

curves for the samples with x = 35-80 show broad peaks for the ZFC 
branch whereas the FC branches tend to flatten out below the peak. 
The FC branch can be obtained reversibly but the ZFC branch is not 


reversible. This history dependence gives an indication of a 
spin-glass like freezing. The temperature where the peak in 
*dc (ZFC) has occurred is determined from d* dc /dT = 0. We call 
this temperature the freezing temperature (T^). The temperature 
T f and the peak value of * dc , which we call * d ax , vary with the 
measuring field and concentration x. In the high-temperature side 
of T^. (T>T^) both the ZFC and FC branches of vs T curve go 
together and the plot of l/* d vs T (Figure 3.18) shows 

Curie-Weiss behaviour ( x » where C = Curie constant = 

2 9 

NMgP e fj/3kg, 6 = Curie-Weiss temperature, P e ff = effective number 
of Bohr magneton (^g) per Mn atom in units of *Jg, N = number of Mn 
atom/g). We have determined from the l/* dc vs T plot at high 
temperatures using Curie-Weiss law. P e ff i s given by 


P eff = g [J(J+D] 1/2 = 


3k B 


1/2 


(3.4) 


where g = Lande g factor, J = total angular momentum of Mn atom, 
and kg = Boltzmann constant. 

We have fitted our l/* dc vs 7 data to Equation (3.4) 
using a least-squares fitting programme and the lowest temperature 
of the fitted range is chosen on the basis of the deviation of the 
data from Curie-Weiss law by an amount exceeding the experimental 
error. We have calculated P gff from the slope of the best fitted 
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straight lines for both the ZFC and FC branches for H = 10 and 15 
kOe and the average value was taken as p 

ef f 

Table 3.3 gives the variation of T c and measured at 

f dc 

different fields and p gff with concentration x. We have also 
listed the long-range antiferromagnetic N6el temperature (T^) for 
x = 80 and 85. For x = 80 sample we observe a small 

antiferromagnetic peak at 275K which is 4% above the background X 
of ^ 10 _3 cm 3 /g (Figure 3.17). x = 85 sample has an 

antiferromagnetic N^el temperature at 484K (Figure 3.19). 


Table 3.3 


Concen- 

Field 

T f 

max 
y , 

p eff 

t n 

tration 



*dc 



X 

(at %) 

(kOe) 

(K) 

( 10 -5 cm 3 /g) 

(Mg) 

(K) 


1 

135 ^ 

16.8 



35 

10 

127 

5.84 

0.55 

— 

15 

118 

6.01 




1 

176 

3.77 



45 

10 

164 

2.56 

0.40 


15 

156 

2.51 




b— 

1 

168 

2.30 

0.31 


55 

10 

164 

1.83 


15 

156 

1.91 



65 

10 

164 

1.32 

0.38 

— 

15 

149 

1.32 



1 

172 

1.24 

0.43 


72 

5 

164 

1.16 


10 

159 

1.15 




15 

148 

1.24 




10 

15 

130 

1.12 

0.42 

275 

80 

145 

1.15 
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10 
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— T- 
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Figure 3.19 Magnetization (M) vs temperature for x = 85 

sample at 10 kOe field. The low-temperature 
and high- temperature data are smoothed out 
and matched to get a continuity. 
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vibrating sample magnetometer. It becomes rather difficult to 
predict from our data the existence of de Almeida and Thouless 


(AT) line [ (1-T/T ) « H 2/3 ] 


or Gabay and Toulouse (GT) line 


[(1-T/Tj) « H 2 ] . These lines are predicted [16,17] on the basis 

of the instability in the solution of the infinite-range limit of 

Sherrington- Kirkpatrick model. The existence of these lines 

implies a phase transition in the mean field theory for 

spin-glasses. Wenger and Mydosh [48] have shown that one can get 

AT-like or GT-like lines even in the case of blocking of clusters 

in the superparamagnetic theory based on Noel's model which does 

not assume a phase transition. They have argued that the existence 

of AT or GT lines in spin-glass does not necessarily mean a phase 

2 

transition. Their calculations show that ( 1-T f (H)/T f (0) ) «H for 
low fields and for high fields it goes as H 2/3 . Fiorani et al. 
[49] have shorn the existence of AT line or the H 2/3 dependence 
of the blocking temperatures of superparamagnetic clusters of fine 
iron particles in Al^g matrix which has shown a spin-glass 
behaviour. Wohlfarth [21] has also calculated the variation of 
blocking temperatures with external field and has shown that for 

small fields [T B CH)/T B (0)] 1/2 = (1 - H/Hj) where Tg is the 

blocking temperature or the peak temperature <T f > and H R is 

mean anisotropy field. He also indicated that there may be a 

change in the behaviour when H becomes comparable to H K . 

It has become more difficult for us to visualise a phase 

nfeHvplv with a unique Edwards-Anderson 
transition, even qualitatively, 

j ife: field dependence at T-. The field 
(EA) order parameter and its tie f 

» FA or der parameter [16] is given by 

dependence of the £A oraer 
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9 <T f ,H) « 1 


<») 


and the related critical exponent 6 is given by 


q (T f ,H) « <H 2 ) 1/6 . 


A close look at Table 3.3, where we have listed the variation of 

max different fields for each sample, will clarify our 

dc 

point. For samples with x = 35-55, q increases with H 

corresponding to a positive value of <5 whereas for others q 
remains more or less constant giving an unphysically large value 
of <5. 

The variation of the peak value of the susceptibility 
with field is very complicated in nature. Tholence and 
Tournier [5] have shown that, when identical monodomains are 
cooled from T > T g to T < T g , the resulting magnetic moment in the 

direction of the field is 

n/2 

M = M S <T B > | tanh [ ~ 005 ®] COS ® Sin ® d ®' <3 ' b> 


Here H is the spontaneous magnetization . v is the volume, Tg is 
the blocking temperature and « is the angle between the anisotropy 
axis of the monodomains, and the applied field H. For real 
systems one has to incorporate the variation of the size of the 

domain . 

Equation (3.5) in the small field limit tends to 
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and 


M 


vmJ«_ 

3k B T B 



(3.6) 


Even in this crude approximation the field dependence comes in 
through Tg . The applied field increases the barrier height 

(Equation (3.2)) which, in turn, increases Tg (Equation (3.3)) 
which results in a decrease of x^ c ■ Thus the decrease in with 

the increase in field for sample with x = 35-55 can be explained. 

From Table 3.3 we see that for a particular value of the 
field, *2 [q X has always decreased with the increase in Mn 
concentration x. This can happen either by a decrease in M 
because of more and more antif erromagnetically coupled spins 
reducing the uncompensated moment or an increase in Tg because of 
the increase in anisotropy energy E^(Equations (3.2) and (3.3)). 
The dominance of the first effect for x = 35-55 is confirmed by 


the variation of P e ^jp with x, namely, decreases with x. But 

for x = 65-80 the second effect may be more dominant. 


Though with the increase in x we have proceeded towards 
antiferromagnetism, the complex nature of the antiferromagnetic 
short-range order in the x=65-80 range gives a complicated 


variation in P e f f • 

The neutron diffraction study by Cowlam and Shamah [11] 
in r-phase Cf.c.c) Mn x for x = 72.5 - 82.5 shows sone 

interesting features about the magnetic short-range order. If 
is the first nearest neighbour interaction and is the second 



for x < 


nearest neighbour one for Mn, then they have shown that 
74, both J x and are negative, that is, both are 

antiferromagnetic. This is called the AF3 structure. Above x = 
74, is negative but is positive, that is, the first is 
antiferromagnetic while the second is ferromagnetic. This is 
called the AF1 structure. 

Figure 3.20 shows the variations of x Eax , *® ax and p 

8.C Cl C 6i I 

with analyzed Mn concentration x. In this case the decrease in 
P e ff with the increase in Mn concentration up to about x = 55 

shows that the increase in x leads to bigger and bigger 
ant if erromagnetically ordered clusters with lesser and lesser 
uncompensated spins in the AF3 structure. From x = 55 to x = 80 

we see an increase in p ^ till about x = 72. This may be due to 
the change from AF3 to AF1 structure which is accompanied by a 
change of J 2 from a negative to a positive value. This implies 
that the increase in p ^ is due to the f erromagnetically coupled 
second nearest neighbour or the positive J 2 in AF1 structure. 
Following the above argument the observed P e ff should have 
increased even beyond x = 72. The constancy of its value for x > 
72 indicated dependence of both J 1 and J 2 on Mn concentration x as 
well as on the small tetragonal distortion observed for x > 74. 

Strictly speaking, the decrease in p gff with increasing x should 
have continued till x = 74. Our findings seem to suggest that the 
phase boundary between AF3 and AF1 structures may be quite 
extended . 

An attempt has been made by Tholence and Tournier [5] to 
find out the number of spins in a cluster. They assumed that each 
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cluster consists of n number of Ising spins, parallel or 
antiparallel. The moment of a cluster is due to the uncompensated 
spins in the cluster. Using a random walk calculation, they have 
proved that the effective moment of a cluster containing n 
antif erromagnetically coupled spins is given by Vn p° where 
p ef f individual magnetic moment of the transition metal 

atoms. Hence we can say that p gff = p° ff /Vn. From the above 
relation we can conclude that the observed decrease in p e ff with 
concentration is related to the increase in n, the number of spins 
in a cluster. Therefore the decrease in p ff for x = 35 to 55 

implies that the average cluster size increases with x or bigger 
clusters are formed. Since the above calculation does not take 
care of the change in sign of Z ^ which becomes ferromagnetic with 
the increase in x , the small increase in P e ff do not mean a 
decrease in n above x = 65. Looking at the relative strengths of 
and j£ in AF1 structure we may assume a monotonic increase in 
the number of spins per cluster or an increase in cluster size. 

The shape of the two branches of vs T (Figures 3.8 - 
3.13) for a spin-glass as well as for the alloys of our system can 
be explained on the basis of Noel's model. When we switch on the 
magnetic field at T<T f in the zero-field-cooled branch, only those 
clusters will respond to the field which have a coercive field 
less than the applied field or a volume less than some critical 
volume. In other words, the relaxation time of the cluster has to 
be smaller than the time of observation so that we can see their 
response to the field, that is, they can orient themselves in the 
direction of the field. The response of all the clusters with T g <T 
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will contribute to the x dc . As we increase the temperature more 
and more clusters start responding to the field and the resulting 
*<j c vs T curve has the same explanation as that of the x vs T 
curve. To get the FC branch we cool the sample in the presence of 
a magnetic field from high temperature, that is, T > T~. Since at 

E 

high temperatures most of the clusters are free, they respond to 

both the magnetic field and the thermal fluctuations resulting in 

a susceptibility which follows Langevin function L (vH H/k D T) in 

the ideal case of non-interacting clusters. As we approach the 

peak from the high temperature side the clusters slowly proceed 

towards their blocking temperatures and under the influence of the 

external field they get blocked in the direction of the field with 

the lowering of temperature. So the x dc flattens out at low 

temperatures. Hence we get a different behaviour in the FC and 

the ZFC branches of magnetization where the FC is always more 

than the ZFC x. . For the FC curve, the x, below the peak is 
dc qc 

given by Mg(T)/3K(T) for T<Tg. N£el has taken the variation of K, 
the anisotropy constant, as for shape anisotropy or 

magnetocrystalline anisotropy arising from magnetic dipolar 
interaction within the cluster. In this case the low temperature 
X will be independent of temperature. This is the case with the 
samples with x = 35-55. But the decrease in x dc for x = 65-80 from 
the peak value at low temperatures indicates a faster increase in 
K(T). This may be because of the interaction between the clusters 
which had been neglected so far. We may note here that this 
decrease in * dc has taken place in the concentration range where 
p „ has an inorease with x. So the change in the behaviour of 



K(T) may also have the same origin. The y, vs T curves for x = 

do 

72 and 80 samples, taken at 1 kOe, do not show pronounced peaks 
near T f as they show in higher fields (Figure 3.17). This 
indicates that there are dipolar interactions within the clusters 
which get suppressed as we apply higher fields. A similar result 
was obtained in AuFe spin-glasses near the percolation 
threshold [50] . 

A time-dependent magnetization is not a unique property 

of canonical spin-glasses only. It is observed for ferromagnetic 

and superparamagnetic clusters as well [51]. When a system with 

superparamagnetic clusters is slowly cooled in a magnetic field H 

from a temperature which is more than the freezing temperature 

(Tj) or the blocking temperature (Tg), the system acquires a 

magnetization M at low temperatures (T<T^) which is almost the 

equilibrium magnetization at that temperature and field. If at 

that temperature the field is changed from H to H' the equilibrium 

condition is changed. The magnetization M is no longer the 

equilibrium magnetization for the field H'. Hence the system 

becomes metastable. The new metastable state and the equilibrium 

state for H' are separated by an energy barrier of height E. Due 

to thermal fluctuations the thermal energy k g T will help the 

magnetic cluster to cross the energy barrier and reach the new 

equilibrium state from its metastable state. The rate of this 

thermally activated transition is given by X = 1 /t q exp <-E/kgT), 

where t is a constant ranging from 10 - 10 sec.. This leads to 
o 

a change in magnetization 


with time given by 
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M = Ho e“ Xt 

This type of change in magnetization involves a single relaxation 
time or barrier height with a constant energy. However, in real 

systems this type of decay is not observed. To overcome this 

problem Street and Wooley [52] considered the change in 

magnetization with time involving a distribution of relaxation 
times or a distribution of energy barriers (f(E,t)). Here we 
apply their treatment to our case. 

At a time t after we have reduced the field at a 

temperature T < T^, let the number of clusters dN, with activation 
energies lying between E and E + dE, be f(E,t)dE. If the 
temperature remains constant at T, then the rate of change of N 
due to thermal activation is 

dN = d(f(E,t ) ) dE _ _ 1/T exp ( -E/k R T ) f<E,t) dE . (3.7) 

dt at o d 

Equation (3.7) is satisfied by 

f (E , t ) = f Q (E) exp (-M;), 

where ^ = i/ T 0 (3.8) 

Let each activation change the magnetization by an average amount 
<m>. Then the mean decrease in initial magnetization for 
activation of dN (=f(E,t)dE) number of clusters is given by 
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<m>/T o f 0 (E)exp( - Xt > exp(-E/k B T) dE dt. 

The rate of decrease of the magnetization for all values of 
activation energy is 


dM 

dt 


max 


" <m> / T 0 S f 0 (E)(-Xt)exp(-E/k B T) dE. 
E 


(3.9) 


min 


Now let us assume that f q ( E. ) is independent of E. This means that 


Then , 


f Q (E) = p for 0 < E < oo . 


oo 


dM 

dt 


= - <m>/T Q p J exp(-Xt)exp(-E/kgT) dE. (3.10) 


Changing variable from E to X by using Equation (3.8), we get 

X=o 

dt ~ 


^ = - <m> pk R T J exp(-Xt) dX 


X = 1/r 


X=o 


= -<m>pkgT £ ^ exp (-Xt)J 


X = 1/t 


or, 


dM 

dt 


<m> pk R T 

_ — - — 2- [ l-exp(-t/T o )] . 


(3.11) 


For t >> t , 


M = - <m>pk R T In t + constant 


(3.12) 
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or. 


M = M o - S In t, 


(3. 13) 


where 


S = <m> PkgT. 


(3.14) 


Gaunt [53] has shorn, that the variation of magnetisation with time 
oan be approximated to a In t variation even when f o <E) is not 
constant for time up to 1000 sec.. Figure 3.14 shows that for our 

samples Equation (3.13) or the In t variation is obeyed even for 

time much more than 1000 sec.. Hence the approximation, that the 
number of barriers is the same for all energies, is not a bad one 
for our alloys. 

We have fitted our data to Equation (3.13) for time 

above 40 sec. by a least squares fitting programme and found a 

good fit with normalized mean-squared deviation * 2 values 

consistent with experimental accuracy. The fitted values of M and 

o 

S for different samples are given in Table 3.4. 


Table 3.4 


Mn conc.x 

(atX) 

M o 

(emu/g) 

S 

(emu/g) 

35 

1.82X10" 1 

6 . 9xl0~ 3 

45 

7.55xl0' 2 

3.8xl0~ 3 

55 

5 . 96xl0 -2 

2.7xl0 -3 

72 

1.44x10 2 

l.OxlO -3 


One should note here that since M in Figure 3.14 is multiplied by 
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constants for some samolpc: 

bampies, the apparent slopes in the figure will 

not match with the valuer nf q i n + . 

iues or b in those cases. From Table 3.4 we 

see a monotonic decrease in the value of S with Mn concentration. 

This signifies that the rate of change of magnetization decreases 

with the increase in Mn concentration. N6el has taken the height 

of potential barrier E = v H c M g /2. With the assumption of a single 

relaxation time, we can show that the rate of change of 

magnetization is proportional to exp(-vH M /2K n T). Hence the 

c s B 

increase in Mn concentration leads to an increase in the volume of 

the clusters. This justifies our earlier conclusion that an 

increase in x increases the average number of spins in the 

clusters. One may even try to justify this from the monotonic 

decrease in with the increase in x. 
o 

The zero-field-cooled M vs H for x = 35 sample (Figure 
3.15) deviates from a straight line and resembles the results of 
earlier studies on CuMn with Mn = 19 at % [54], We observe from 
Figure 3.15 that for x = 45 to 85 the zero-field-cooled M vs H 
curves are roughly linear and we have not detected any hysteresis. 
From Figure 3.16 we can see that the linearity holds for x = 72 

at all temperatures even up to a field of 55 kOe. The lack of any 
structure, especially the absence of saturation, makes any 
quantitative analysis of the data difficult. We will try to give a 
qualitative justification of the observed M vs H behaviour in the 
light of spin-glass domain model proposed by Kouvel and 
Abdul-Razzaq [55]. They explained the M vs H behaviour of 

re-entrant NiMn alloys using this model. 

We observe from Figure 3.16 that for x = 72, M vs H is 
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linear for all temperatures. This suggests that there may not be 

any qualitative difference in the magnetic ordering of the system 

with temperature. This is consistent with the isothermal 

magnetization in superparamagnetic cluster blocking model where 

the dynamics of the clusters are only responsible for magnetic 

response at all temperatures. The persistence of linearity for 

all H and the symmetric (undisplaced) M-H loop (not shown) seem to 

indicate that at least for the zero-field-cooled state the bulk 

magnetization is achieved by rotation of magnetization of domains 

or clusters and not by displacement of domain walls and the system 

is subdivided into randomly oriented domains. This is not unusual 

since in our system the domains are physically separated. 

To explain qualitatively the linearity of M(H) with the 

domain model [55] we consider that the domains with average 

magnetization M &v are randomly oriented with average anisotropy 

field H . Then the magnetization of a domain, M,, parallel to 
av 

the external field H is given by 

( H+H av cos e ) 

H . = M o „ 5 — ; 7 " 1/2 ’ 

d av < HZ+H av +2HH av C0S 

where ® is the angle between H and H ay . 

Then the bulk magnetization at a field H is given by 

1 

M(H) = \ J M d d(cose) 

-1 
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which gives 


2M H 

M(H ) = av 


3H 


av 


for H 5 H 

av 


(3.15) 


and 



for H > H ay . (3.16) 


We can see the linearity of M vs H from the limiting case of H ^ 

H in Equation (3.15). 
av 

It has been shown [55] that the linearity exists even 
when one assumes a mean field exchange interaction between the 
domains . 


3.4 Magnetic Phase Diagram 

We arrive at the magnetic phase diagram by taking the 

transition temperatures from our magnetic studies. The spin-glass 

transition temperatures for x = 4.4 and 9 are taken from X ac data 

(Table 3.2) and for others from the * dc data at 10 kOe (Table 

3.3). The N<4el temperatures^) for x = 80 and 85 are also taken 

from x, . This resulting diagram is shown in Figure 3.21. We are 
u c 

calling the log-* region as spin-glass (SG) and high-x region as 
cluster-glass (CG). The transition temperatures and the 
constructed phase diagram including the interpolated line from 
spin-glass to cluster-glass have Qualitative agreements with those 

x ,. rii In high Mn concentration regime we 

of the earlier studies [11,32]. in nign n 

, hie transition from paramagnetic (P) to 
have found a double transitio 

■ / av to nlnster-glass phase for x=80. Here below 

antiferromagnetic (AF) to 

J observed some characteristic features of a 

T f , we have definitely ocserveu 
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cluster-glass, viz, the time and magnetic history dependence of 
magnetization. If we couple this observation to the 
neutron-scattering data of Cowlam and Shamah which show long-range 
antiferromagnetism even at 4 . 2K for alloys in this composition 
range, then it is clear that below T f = 130K (Table 3.3), x=80 
alloy exists in a mixed(M) antiferromagnetic and cluster-glass 
phase. Moreover, the alloy with x=72 seems to be a multicritical 
composition with =159K. However, the actual phase boundary 
between CG and M seems to be quite fu 2 zy. One needs to have more 
alloys in that region. Also, more accurate and sophisticated 
low-temperature magnetic studies are expected to throw more light 
on the exact nature of the cluster-glass to mixed and mixed to 
antiferromagnetic phase boundaries. 

The theoretical magnetic phase diagram has been 
constructed by Mookerjee and Roy [56] by considering the change in 
magnetic structure from AF3 to AF1 in the concentration range of 
50 to 74 at % Mn . The theoretical phase diagram is shown in 
Figure 3.22. We see a good agreement with our experimental phase 
diagram. However, the sharp decrease in antiferromagnetic to 
mixed phase transition temperature observed by us around x=75 is 
not present in the theoretical phase diagram. Moreover, although 
the authors find double transition above x=70, there is no 
specific mention of the mixed phase in the theory, viz, the 
co-existence of antiferromagnetism and cluster-glass. One should 
mention here that experimentally it is easier to detect the 
co-existence of ferromagnetism with spin-glass from bulk magnetic 
measurements where one observes both spontaneous magnet izatior 
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3.22 Theoretical magnetic phase diagram for CuMn 
alloys taken from reference [56] . 
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alongwith time and history dependence as found in y-FeNiCr ternars 
alloys [17,45], But in the case of a possible co-existence of 
antiferromagnetism with spin-glass, magnetization measurements 
alone in polycrystalline samples are unable to prove their 
simultaneous presence. Neutron diffraction studies are essential 
for the detection of the long-range antiferromagnetic order. 
However, in the case of single crystals it has been possible tc 
prove their simultaneous presence through magnetization 
measurements [57]. In the present case of CuMn alloys our bulk 
magnetization measurements supplemented by neutron diffraction 
studies establish the presence of mixed antiferromagnetic and 
cluster-glass phases. We would like to reiterate that, on the 
basis of neutron diffraction and the present studies, the nature 
of this phase boundary between cluster-glass and mixed phases is 
not as clear-cut as depicted in some other experimental studies 
[11,32]. We believe that this phase boundary could lie anywhere 
within a range of composition as shown in the work of Vedyaev and 
Cherenkov [33]. However, we have not included this in our phase 
diagram (Figure 3.21) since no work, to our knowledge, throws much 
light on this boundary. 

3.5 Electrical Resistivity 

We present here the results of the electrica] 
resistivity measurements on ^ u ioO-x^ n x a H°y s with x = 35-85 
between 8 and 300K. The plots of resistivity P vs temperature 1 
are given in Figures 3.23 - 3.29 and dp/dT for respective samples 
are given in the inset of the corresponding figures. We may not« 
here that the experimental error is much less than the width oi 














Figure 3.26 Resistivity (p) vs temperature for sample 
with x = 65. Inset shows the derivative 

dp/dT vs T. 
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Figure 3.27 Resistivity (p) vs t 
with x = 72. Inset 

dp/dT vs T. 
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Figure 3.28 Resistivity (p) vs temperature for sample 
with x = 80. Inset shows the derivative 

dp/dT vs T . 
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Figure 3.29 Resistivity (p) vs temperature for sample 
with x = 85. Inset shows the derivative 

dp/dT vs T. 
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the data points and the smooth p vs T curves are just the raw dat? 
and not the smoothed out data. Such accurate and smootf 
experimental curves obviously motivate one to do a quantitative 
analysis of the data and squeeze out as much information as 
possible. We make an attempt here to analyze the p(T) data ir 
spite of the difficulties we face with the metastable state 
(crystallographic) of our samples and the general problem of 
interpreting the resistivity data for concentrated polycrystalline 
alloys. When we tried to measure the resistivity of these alloys 
above room temperature, we observed a decrease in resistivity froi 
slightly above room temperature. Our x-ray analysis on some of 
the samples, annealed even at 100°C, shows a change ir 
crystallographic structure with the appearance of ex-phase. This 
has restricted us from measuring the high-temperature resistivits 
and using the data to extract the lattice corjtributior 
independently . 

The alloys with x = 55-80 show resistivity minima al 
low temperatures. Earlier studies on the resistivity of 
concentrated CuMn alloys have also shown such minima above x = 5J 
[58] . The existence of resistivity minima in concentratec 
crystalline alloys and the associated controversies about theii 
origin is quite a common but outstanding problem. In an attempl 
to check whether the minimum has got magnetic origin or not, w< 
tried to measure the magnetoresistance in some of these alloys 
But the change in resistivity at 10 kOe field was less than 1 par' 
in 10^ even at the lowest temperature. This prevented us froi 
reaching any conclusion on that basis. This negligible change ii 
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resistivity in a magnetic field may be because of very lov 

magnetization of the samples [59]. Levin and Mill [60] have 

considered the effect of spin clusters in the calculation of 

resistivity for NiCu alloys and they predicted a resistivity 

minimum in concentrated crystalline alloys. Rivier [61] has shown 

the possibility of resistivity minimum in spin-glasses. His 

treatment is based upon scattering of electrons by spin diffusion 

modes and electrostatic potential. The criteria for resistivity 

minima require strong impurity scattering which is not satisfied 

by noble metal-transition metal canonical spin-glasses. Fischer 

[29] has proposed resistivity minima in spin-glasses by combining 

elastic scattering with inelastic scattering of electrons but the 

exact nature of it is not explored. Recently Mookerjee [62] has 

predicted the existence of resistivity minima in highly resistive 

alloys (p ^ 150 - 600 pO cm) only on the basis of electron-phonon 

interaction. The high residual resistivity is an indication of 

electrons being "sluggish" near the Fermi level. These electrons 

can exchange energy with a phonon bath which will lead to a 

decrease in resistivity. If t is the time scale related to the 

life time of electron in the vicinity of an ion and is the time 

scale associated with the ground state of phonon bath, then as 

long as t > t the electron-phonon coupling will reduce the 
o e 

resistivity. Mookerjee has further shown that with the increase 
in disorder the minima in resistivity shift to higher 
temperatures. Our alloys, having resistivity minima, have p q in 
the range which satisfies the criteria (p Q ^ 150 - 600 P^tem) for 
resistivity minimum. The temperature of minima increases 
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monoton ical ly from 10 to 28K with the increase in x from 45 to 72 
accompanied by an increase in p q . Since p^ can be considered as a 
measure of disorder, the shift of the resistivity minima to higher 

temperature with the increase in p q for x = 45-72 gives us 

confidence to apply the above theory to our alloys. Though for 
x = 80 the value of p q is higher than that of x = 72 the decrease 

in the temperature of the resistivity minimum may be because of 

its higher Debye temperature (©) [63], which suggests a lower t 

o 

and hence the criterion > r g is satisfied only at a lower 
temperature . 

Figures 3.23 -3.29 show the following features : 

a. p vs T curves for x = 35-72 are S-shaped whereas for x = 
80-85, they are always concave upwards. 

b. vs T curves for x =35-72 show broad maxima at T which 

dl max 

increases with x. For x = 80-85, increases monotonically 
with T although very slowly at high temperatures. 

Both the above features, namely, the S-shaped P(T) curves and the 
occurrence of maxima in ^ (T) are observed in spin-glasses 

[64,65]. These behaviors give indications of possible magnetic 
contributions to electrical resistivity. 

The measured resistivity in these alloys have 
contributions from different physical phenomena. If we assume the 
validity of Matthiessen 's rule, then the measured resistivity 
has got contributions from static disorder, i.e., the residual 
resistivity (p q ), the electron-phonon scattering (P p ^) and the 
magnetic scattering <P mag >- Hence we can write 


I 


PCT) = p o + p ph (T) + P mag (T) (3.17) 

In the strong scattering regime, near the Anderson localization, 
the Boltzmann formalism breaks down and so is the Matthiessen ' s 
rule. This is one of the reasons for concentrating on the higher 
temperature region and we apply Equation (3.17) above the 
resistivity minima. 

A theoretical calculation for the temperature dependence 

of resistivity in these polycrystalline materials is very 

difficult for various reasons. The absence of a proper band 

structure calculation poses the main hurdle. So we have tackled 

the problem in a round-about way. To estimate the magnetic 

contribution to resistivity from our measured p(T), we have 

properly taken care of p and p , and assumed the validity of 

o pn 

Matthiessen ' s rule in the present case. We have taken the standard 
Bloch-Grtineisen formula for p p ^[66] . Then p(T) from Equation 
(3.17) becomes 

5 6/T 

P(T) = P +Afgl f — + (=■ , (3.18) 

0 1 ® J J (e 2 -l )( 1-e -2 ) mag 

o 

where p and A are temperature-independent constants and & is the 
o 

Debye temperature. 

Rivier and Adkins [28] have shown that for spin-glass 

the p jx T^^ below the freezing temperature (T-) but Fischer 
mag i 

2 5/2 

[29] found a magnetic contribution of the form BT -CT below T^ 

3/2 

with constants B and C > 0. He has also remarked that the T 
variation is because of f erromagnetically ordered spins in 
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spin-glass . 

Thus p(T) takes the following two different forms due to 
predicted by the above two theories : 

R e/T 

3/2 

' (3.19) 


mag 


P(T ) = p o + 


Af|) [ - + bt 

J J (e z -l)( l-e~ z ) 


and 


P(T) = P + A f £ 1 f - dz — r — + BT 2 -CT 5/2 . (3.20) 

° 1 J J (e z -l)( 1-e z ) 

o 

We wrote a programme which can fit the experimental p(T) data to 

Equation (3.18) in general, if we give the value of & and the form 

of P ma g . We have checked our programme by fitting the 

experimental p(T) data for pure gold taken from literature [64] to 

Equation (3.18) with p „ = 0 . Further, we have added different 

mag 

3/2 2 3 

forms of P ma g(T) (as for example, aT or bT -cT , etc.) to the 

P(T) value of pure gold and fitted the resulting data to Equation 

(3.18) using our programme. We could retrieve the same constants 

2 

P , a, b and c etc. and a normalized mean-squared deviation x 

2 

consistent with the accuracy of the data. We have defined the x 
of the fit as 


x = 


. M < p i 

ir 


— p 

measured i 


f itted ' 


mean 


where N is the number of data points, P measured > fitted and p mean 
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are the measured, fitted and the mean of the measured values of 
the resistivity respectively. The confidence in this kind of 
fitting is justified by the recent work of Bcittger and Hesse [67] 
in re-entrant spin-glasses. 

We have fitted our experimental p(T) data to Equations 

(3.19) and (3.20) separately taking p Q , A, B and C as parameters 

and O of our alloys from literature [63], The temperature range of 

the fit is always below T- (determined from x and x , 

r ac dc 

measurements) and above the temperature of the resistivity 

minimum. We have tried different temperature ranges within the 

above specified range. We find that, for alloys with x=35,45,55 

and 85 , fitting the data to Equation (3.19) gives unphysical 

2 

signs of the parameters. For the others, the value of x are less 

by about a factor of two when fitted to Equation (3.20). Moreover, 

as shown in Figure 3.30 where deviations of each data point from 

the best fitted curves (Equations (3.19) and (3.20)) for x=72 are 

plotted against T, the deviations from Equation (3.19) are not 

only larger but also they show a systematic trend implying a poor 

fit. In the case of the fit to Equation (3.20) the deviation curve 

cuts the temperature axis much more often. On the basis of this 

2 5 /2 

fitting we conclude that the expression BT -CT describes the 

magnetic contribution to the resistivity better in the spin-glass 

or cluster-glass range (<T^) for our samples. The best 

2 

temperature range of the above fit is decided on the basis of x 
values which are consistent with the experimental accuracy. Table 
3.5 summarizes the result of this fitting procedure. 
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Table 3.5 


Mn 

X 

( at 

X) 

e 

(K) 

Range 
of f it 
(K) 

x 2 

CIO -10 ) 

p o 

(po- 

em) 

A 

(pO- 

cm) 

B -4 

(10 * 7 
pOcmK ^) 

C -5 

(1 ° -5/2 

pCtemK 7 ) 

35 

325 

60-90 

13.8 

98 

10.3 

7.3 

5.6 

45 

320 

80-140 

25.7 

139 

9.0 

3.0 

2.0 

55 

310 

80-150 

57.5 

169 

5.1 

1.3 

0.7 

65 

305 

70-150 

15.9 

170 

4.1 

1.6 

0.9 

72 

305 

50-140 

7.8 

196 

7.1 

0.8 

0.2 

80 

325 

30-120 

8.4 

206 

11.5 

3.9 

1.7 

85 

360 

45-110 

62.3 

124 

5.2 

11.5 

4.8 


The justification for our observation of P ma g following 
BT^-CT^ 7 ^ type of relation rather than BT B// ^ type below T^. can be 
found in Fischer's original calculations. He has shown that the 
T B// ^ type of contribution in resistivity comes from the 
ferromagnetic clusters in spin-glasses but our system in no way 
can be considered to have ferromagnetic clusters. On the contrary 
this form of resistivity tends to the Yosida limit [59] of a 
dilute antif erromagnet (V +S J /4) at zero temperature. Alongwith 
these Fischer's calculations hold for systems with large impurity 
concentration and in a temperature range where the Kondo effect 
may be neglected. The range of fit, especially the fitting at 
higher temperatures, can be rationalized from the physical 
consideration of spin diffusive modes which are the sources of 
scattering of conduction electrons. At low temperatures the spin 
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diffusive modes may become ineffective for bigger clusters. This 
is because at low temperatures the spin waves with wavelength 
smaller than the cluster diameter will freeze out. The absence of 
any experimental or theoretical input about the density of states 
at the Fermi level and the effective mass of electrons forbids us 
from making any comment about the concentration dependence of the 
constants A, B and C of Table 3.5. We should note that a good fit 
for x = 85 may indicate the presence of spin-glass type of spin 
diffusive modes also in this sample and hence justifies our 
conjecture for the presence of a mixed phase (antiferromagnetic 
and spin-glass) in it (dotted line in the phase diagram (Figure 
3.21)). 


The magnetic resistivity above T^ is predicted using p q 


and A from the fit below T^ and the p(T) data above T^ as 


e/T 


P macf (T) = ^ T > - Pn 
mag o 


-*m J 


5 , 

z dz 


(e 2 -l)( l-e~ 2 ) 


(3.21) 


P „(T), thus obtained, shows maxima around 180K for 
mag 

x=35-65 , moving towards 240K for x = 72 and no maximum for x = 80 

and 85 (Figures 3.31 and 3.32). The sample with x=80, however, 

shows a decrease in slope around 300K which may be taken as a 

precursor to a possible maximum in P ma g • In contrast, x=85 shows 

that the slope is still increasing around 300K. In canonical 

spin-glasses the temperature, at which P ma is maximum, is found 

to increase with the addition of transition element impurities 

[64,65]. Inoue and Nakamura [68] have found similar behaviour of 

P with maxima around 275K for Cu inn Mn alloys with x=16-25. 
mag luu-x x 




T(K) 


Figure 3.31 Magnetic contribution to resistivity (P mag ) 
vs temperature for x = 35, 55, 65and 72. 


( ULoiyrl ) 
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Figure 3.32 Magnetic contribution to resistivity ^ ^mag ^ 

temperature for x = 80 and 85. 


vs 
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Thus we find that the occurance of maximum in p in our 

mag 

concentrated alloys is very much similar to that of more dilute 

ones. One must realize that the extraction of p _ in concentrated 

mag 

alloys is much more difficult since the estimation of phonon 
contribution cannot be made directly. However, our solitary 
attempt in the case of concentrated alloys has met with reasonable 
success . 

The origin of the maximum in p . has been explained by 

mag 

many authors [64,65,69] in terms of "effective free" and 

"interacting" moments. For our alloys p _ , beyond maximum, falls 

mag 

2 

roughly as T as predicted by the theory of Suhl [70]. 

For x = 80, dp/d T (Figure 3.28) is almost constant for 

T>150K implying P mag - T or slightly slower since Pi a ttice~^ at 

high T. For x = 85, dp/ffY above 150K varies slower than T 

implying p . ~ T n with 1 S n S 2. Any S-shaped p(T) curve, i.e., 
mag 

P varying slower than T at high T, will yield a maximum in P ma g 

since p, .. . ~ T at high T. Also, a p(T) curve which is linear 

lattice 

in T or varies faster than T at high T will have no maximum in 

P _. In other words, S-shaped P(T) data will have a maximum in 
mag 

p _ whereas a p(T) curve which is concave upwards will have no 
mag 

maximum. The composition dependence of various important 
quantities are given in Table 3.6 and are shown in Figure 3.33. In 
the latter we have used the analyzed Mn concentration x. 



arb . units 



45 55 65 

at * Mn 


Figure 3.33 Variations of p(0), p(300)-p(0), p ma g and 

T(dp/dT) max with analysed Mn concentration 

x. The lines joining the points are just 
guides to the eye. 
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Table 3# 6 


Mn 

Cone, x 
(at %) 

p OK 
( pOcm) 

P 300K 
( jjO cm) 

P 300K~ P 0K 
( pflcm) 

30 OK 
P mag 
( pOcm) 

TC '0 

(K) 

T d£> 

d 1 max 
(K) 

35 

97 

107 

10 

1.0 

180 

57 

45 

139 

148 

9 

0.4 

180 

62 

55 

169 

174 

5 

0.1 

! 175 

72 

65 

170 

174 

4 

0.1 

190 

80 

72 

196 

204 

8 

1.2 

240 

125 

80 

206 

226 

20 

11 

-300 


85 

125 

162 

37 

34 

>300 

— 


The values of p „ at 3Q0K are rather large for x=80 and 
mag 

85 as compared to those for x = 35-72. This is due to the fact 
that in contrast to the alloys with x = 35-72, which have only 
short-range order, the alloys with x = 80 and 85 have long-range 
order (see Figure 3.21). A very similar behaviour of P ma g has been 
observed [64] in AuFe alloys where magnetic resistivity has a 
sharp increase beyond 17 at% Fe which is the percolation threshold 
from ■‘mictomagnetic'' to long-range ferromagnetic phases. It is 
rather comforting to note that the absolute values of P ma g 300K 
reported in [64] agree with those of the present studies in CuMn 
(eg, 43 pOcm for 22 at% Fe in AliFe and 34 pfiem for 85 at% Mn in 
CuMn, both having long-range magnetic order). From Tables 3.5 and 
3.6 we see that the fitted values of p q and the experimental P Q 
(taken as the minimum P) are very nearly the same. We further 
observe that p Q increases from 97 tO 206 pOcm with the increase in 
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Mn concentration from 35 to 80 at % which implies an increase in 
static disorder. At the other end of concentration (x=85) we find 


a drop of to 125 p Ocm in confirmation to the Nordheim's rule. 

The difference between <° 3 qq£ and Pq^ is due to the lattice and 

magnetic scattering of electrons. This has the same x dependence 
300K 

as that of . implying that the lattice contribution does not 
mag 

depend strongly on x. This is not unexpected since the Debye 


temperature, does not depend strongly on x (Table 3.5). 



CHAPTER IV 


Conclusions 


The important findings of the present study are briefly 
summarized below : 

i) Concentration fluctuations alone can give rise to the 
clustering of magnetic atoms in randomly substituted noble metal 
transition metal binary alloys. This is a matter of statistical 
chance and we have tried to show it through Figure 1.2. 

The clusters thus formed in concentrated Cu iriri Mn 

100-x x 

alloys are real clusters and their response to magnetic fields 
dominates the magnetic properties of these alloys for all 
temperatures. This may be evident from the effect of dc fields on 
X , M vs H behaviors and, in general, from the variations of x 

St C 8.0 

and x^ Q with temperature. 

On an average, bigger and bigger clusters are formed 
with the increase in Mn concentration x. This has been concluded 
from the concentration dependence of the rate of decay of the 
time-dependent magnetization. The same conclusion can be reached 
by coupling the concentration dependence of with the neutron 

diffraction results. 

The decrease in the peak values of x^ c and x^ Q with the 
increase in Mn concentration x and the variation of P e ff with x 
imply the presence of antiferromagnetic short-range order in the 
clusters. In other words, we conclude that the spins in the 
magnetic clusters are antif erromagnetically coupled. 
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ii) The magnetic phase diagram (Figure 3.21) has been 

obtained on the basis of various magnetic measurements. The alloys 
with x £ 72 have shown the basic signatures of spin-glass, viz, 
time and history-dependent dc-magnet ization and peaks in 
ac-susceptibility (* ). The low concentration alloys showing cusp 

in * are designated as spin-glass (SG) while the concentrated 

SIC 

ones showing broad peaks are called cluster-glass (CG). For x =80, 
a double transition from paramagnetic (P) to antiferromagnetic 
(AF) to cluster-glass phases is observed. This, alongwith the 
observation of a long-range antiferromagnetic order in neutron 
diffraction studies at 4.2K leads to the conclusion for the 
existence of a nixed (M) phase below T f (=130K) having properties 
of both antiferromagnetic and cluster-glass phases. The alloy with 
x = 72 seems to be very near the multicritical composition. 
However, the phase boundaries between CG and M and that between M 
and AF cannot be clearly defined. 

iii) The resistivity shows qualitatively two different 

behaviours for x S 72 and x > 72 at high temperatures ( = 300K) as 

are evident from the temperature dependences of resistivity and 

its temperature derivative (Figure 3.23 to 3.29). This may be 

taken as an indication that the magnetic ordering is different for 

the two ranges of composition. The magnetic contribution to the 

electrical resistivity (p .) in the low-temperature range (<150K) 

mag 

2 5/2 

for all the samples shows BT - CT type of spin-glass 

contribution. The absence of an evidence for a transition from AF 
to CG (or M) for x = 85 alloy in our magnetic measurements is most 
likely due to the very low magnetic susceptibility of the high Mn 
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containing alloys beyond the sensitivity of our instruments. The 
estimated P mag (T) at high temperature (>150K) shows again two 
different behaviours for x ^72 and x > 72. The former gives a 
maximum while the latter increases monotonically . The large value 
of P Ba g , found for x = 80 and 85, indicates long-range magnetic 
ordering in agreement with our phase diagram. We have found for 
the first time the magnetic contribution to electrical resistivity 
in a concentrated crystalline alloy system. 

Like any other studies the present one also has left us 
with a few problems for future investigations. The most striking 
one is about the nature of various phase boundaries in the Mn-rich 
region. This issue can be resolved by making more alloys with 
close compositions around x = 75 and studying them from = 4K to 
the required high temperatures with more sensitive and 
sophisticated instruments like Farady balance or SQUID 
magnetometer. The most puzzling problem of the present study is 
about the nature of the mixed phase. Whether this so-called irulxed 
phase is a mixture of two magnetic phases at the same temperature 
or a new magnetic phase is yet to be settled. A study of magnetic 
anisotropy in single crystals may also throw some light on the 
above controversy. 
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